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ABSTRACT
The Doctoral Thesis investigates and analyses several scientific studies regarding the use
of EDFA, Raman, FOPA, and hybrid optical amplifiers in wavelength-division multiplexed
(WDM) communication systems. Computer simulation software — specifically RSoft OptSim
and VPlphotonics Design Suite — was employed. Particular attention is paid to optical

amplifiers utilising dual rare-earth-doped fibers and an in-fiber cladding-pumping technique.

The Thesis also evaluates a method for broadening 50 ps electrical pulses using a high-
precision event timer, Bessel and Butterworth filters, and various custom-built cascaded low-
pass filters (LPF). Bit Error Rate (BER) performance was analysed for both optical back-to-
back (B2B) configurations and configurations involving 20 km transmission over single-mode
fiber (SMF), utilising a pulse duration (t) of 50 ps and varying pulse width values (A): 50 ps,
100 ps, and 200 ps.

The fabrication of spherical lenses — or microspheres — was demonstrated using the
commercially available Fujikura-100P+ arc fusion splicer, a device employed for integrated

photonic devices.
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Erbium/ytterbium doped fiber amplifier (EYDF), Fiber optical parametric amplifier (FOPA),

Pulse position modulation (PPM), lensed fiber
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RELEVANCE OF THE TOPIC

The development of modern information and communication technologies is connected
with a continuous increase in the volume of transmitted information, which requires an increase
in the capacity and transmission distance of optical fiber communication systems. To meet
these requirements, wavelength division multiplexing (WDM) systems have become widely
used, allowing multiple channels to be transmitted simultaneously over a single fiber [1-3].
However, when transmitting signals over long distances, they inevitably weaken in the optical
fiber due to material loss, bending, and connections, so the use of optical amplifiers is an
integral part of today's main communication lines. The most effective and technologically
advanced type of amplifier is the erbium-doped fiber amplifier (EDFA) [4-5]. Its operation is
based on erbium ion (Er**) stimulated radiation, which allows signals to be amplified in the
wavelength range 1530-1565, where EDFA amplifiers are used in WDM communication
systems due to their high reliability and compatibility with existing infrastructure. However,
with increasing demands on WDM systems — increasing channel numbers, data transmission
speeds, and line lengths — the limitations of traditional EDFAs have become apparent. These
include limited gain bandwidth, reduced efficiency at high pump powers, and difficulties in
providing uniform gain across multiple channels over a wide spectral range. To overcome these
problems, co-doped amplifiers based on SMF fiber doped with Er¥*/Yb®* ions are being actively
developed. Such fiber has several significant advantages. Ytterbium (Yb**) has a broad
absorption band in the 900-1060 nm range and efficiently converts pumping energy into
erbium ion excitation. This energy transfer scheme significantly increases amplification
efficiency, especially at a wavelength of 980 nm. As a result, Er¥*/Yb%" doped amplifiers
(EYDFAS) provide higher output power, lower nonlinear effects, and more stable operation in

multi-channel communication systems.

Due to these advantages, broadband EYDFA amplifiers are becoming an integral part of
modern optical fiber communication systems, including dense wavelength division
multiplexing (DWDM) and coarse wavelength division multiplexing (CWDM) [6]. They enable
increased transmission distances without signal regeneration, improved network energy
efficiency, and more uniform channel amplification. In addition, advances in active fiber
manufacturing technology and optimization of EYDFA spectral characteristics are creating the
conditions for their integration into new areas of optical networks — high-speed trunk lines,
submarine cable systems, data processing centers, and 5G/6G infrastructure.



Thus, the research and development of Er¥*/Yb® doped optical fiber amplifiers is a
pressing scientific and technical task. These devices provide fundamental opportunities for the
future development of high-capacity and energy-efficient optical communication systems,

which form the basis for next-generation global telecommunications networks [7].

The current applicability of optical signal amplification technology is highly relevant in
integrated photonic devices, that employ optical microspheres to generate optical signals via
the nonlinear Kerr effect. [8]. The main reason is that the signal is generated using a frequency
comb in discrete frequency lines spaced at equal intervals. This structure ensures accurate and
stable frequency generation, resulting in a coherent light source with spectrally limited lines.
These spectrally limited lines are obtained thanks to the stable generation of the frequency comb
and low phase noise, which ensures that the generated signals are monochromatic and have low
frequency fluctuations [9]. The role of the Kerr effect in this process is related to the use of a
single light source. Thanks to this nonlinear process, it is possible to form several comb lines
that are closely spaced at a certain distance from each other and "locked" in phase (no phase

shift), thus obtaining narrow spectral lines in the optical frequency comb [10].

The pulse position modulation (PPM) technique is used in communication systems to
increase energy efficiency and reduce signal attenuation in data transmission [11]. PPM
information is encoded by the pulse position in the time window, which reduces the impact of
noise and nonlinear distortion. EDFA amplifiers are used, which amplify the signal without the
need for optoelectronic conversion, preserving the pulse phase and amplitude structure. This
ensures high receiver sensitivity and increases transmission distance and spectral efficiency,
which is particularly important for high-capacity multi-channel DWDM systems. The use of
PPM in optical fiber networks remains a promising area, especially for energy-efficient and
highly reliable next-generation optical communication channels [12, 13].

The aim and the Doctoral Thesis

Summarizing the above facts about the development trends of fiber optic transmission
systems, the goal of the doctoral thesis was set: To develop and evaluate a double-clad
Er¥*/Yb® doped fiber optical amplifier, electrical 50 ps pulse expansion and lens fiber
technology for high-speed optical fiber communication systems and integrated photonic

devices.
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In order to achieve the set aim, the following theses were put forward for the defence of

the Doctoral Thesis.

1. Using a 40-channel DWDM communication system with the developed Er*/Yb%*
doped fiber optical amplifier model and applying the cladding pumping technique in the fiber,
the smallest gain difference (AG <9 dB) can be achieved at a fiber length of 7 m.

2. By using reference pulse position modulation (TR-PPM) signals with an input pulse
duration of 50 ps and TR-PPM signal demodulation with a developed low-pass filter (LPF), it
is possible to ensure electrical pulse expansion to at least 700 ps.

3. For integrated photonic devices, using a separated SMF-28 fiber end and a single-mode
optical lens, it is possible to achieve the lowest connection point losses at a lens diameter of
129 pm.

The main tasks of the Doctoral Thesis

In order to achieve the set goal of the Doctoral Thesis and prove the proposed theses, it is

necessary to perform the following tasks.

1. In a simulation scenario, evaluate the average gain, noise factor, and gain difference
between channels in a WDM 64-channel communication system with double-clad Er¥*/Yb®*
alloyed fibers, depending on the EYDF wavelength and signal propagation direction.

2. Experimentally and in a simulation environment, evaluate the gain coefficient of
double-clad Er¥*/Yb®* alloyed fiber at an input power of —20 dBm/per channel in a WDM 40-
channel communication system, depending on the pumping power and EYDF wavelength.

3. Develop a hybrid RA-FOPA and single-pump-source FOPA amplifier, evaluate its
performance in a 16-channel DWDM communication system with 10 Gbit/s data transmission
per channel, without exceeding the received signal BER > 1x107° threshold.

4. Using transmitted reference pulse position modulation (TR-PPM) signals with a pulse
duration of 50 ps and a full width of half maximum (FWHM), evaluate pulse broadening with
several types of fabricated LPF.

5. In integrated photonic devices, evaluate the connection losses for specific lens fibers

across the entire 1550 nm wavelength range.
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INTRODUCTION

Nowadays, WDM communication systems are increasingly being introduced, and several
studies are actively being conducted on the development of components for such systems and
the improvement of their performance [14-16]. WDM communication systems allow for a

much more efficient use of optical fiber resources compared to alternative technologies [17].

The data transmission speed in WDM communication systems is increased by assigning
a separate wavelength to each channel, thus transmitting multiple channel signals
simultaneously in a single optical fiber. To increase the number of channels, multiplexing and
demultiplexing components are required, whose introduced attenuation significantly reduces
the signal power [18-20]. Furthermore, despite the fact that the attenuation of optical fiber in
the C-band wavelength range is only 0.2 dB/km, it accumulates as the signal propagates
through the optical fiber and significantly limits the transmission distance because the
sensitivity of the photodetector at the receiver end is limited. Therefore, it is necessary to
compensate for the attenuation of the transmitted signal [21]. The attenuation of the transmitted
signal can be compensated for by using signal regenerators or optical amplifiers. A regenerator
is a complex device that includes both electronic and optical components. It must detect the
transmitted optical signal, convert it into an electrical signal, process it, and regenerate it with
the help of an optical transmitter [22, 23]. The use of optical signal regenerators in modern
WDM communication systems is an economically disadvantageous and complex solution, as it
requires the demultiplexing, reception, processing, and regeneration of all transmitted channel
signals. The use of single-channel WDM regenerators is also not economically efficient, as
there is an alternative approach to compensating for optical losses. Optical amplifiers allow
simultaneous amplification of multiple transmitted channel signals without demultiplexing and
additional operations. Compared to the use of signal regenerators, the use of optical amplifiers
is an effective way to compensate for the power loss of transmitted signals, which in the case of
WDM communication systems allows for a significant reduction in costs as the number of
system channels increases. It is also an economically advantageous solution for single-channel

WDM systems compared to regenerator solutions [24].

Multimode double-clad erbium-doped fiber amplifiers are widely used in SDM networks
because they have low energy conversion efficiency. To address this issue, the use of ytterbium
(Yb®) and erbium (Er®") amplifiers with co-propagating is considered an effective approach
[25, 26].
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However, this changes the gain profile of the Er®* doped fiber amplifier and causes a gain
difference between optical wavelengths in the C-band, significantly limiting the effective

bandwidth of dense wavelength division multiplexing (DWDM) systems.

Erbium (Er¥)/ytterbium (Yb®*) amplifiers have complex characteristics, particularly with
regard to the gain profile and pumping conversion efficiency. These parameters depend on the
alloyed fiber profile, absorption/emission spectra, and input signal power. Based on this
information, in order to meet the ever-increasing demand for higher network capacity,

conventional EDFAs will need to be replaced by alternative amplification solutions.

Fiber optic parametric amplifiers (FOPASs) are innovative types of amplifiers that can be
considered one of the possible alternatives to traditional EDFAs. The characteristics of FOPA
amplification show why this type of amplifier is likely to be widely used around the world in
the near future: available scientific publications indicate that amplifiers of this type can provide
amplification of up to 70 dB [27] and an amplification bandwidth of up to 270 nm [28, 29].

In addition to their remarkable FOPA amplification properties, they offer a range of
additional applications for all-optical signal processing, such as wavelength conversion using
the idle spectral components generated by four-wave mixing, dispersion compensation using
phase conjugation, optical signal regeneration in the middle of the transmission path, and
modulation format conversion [30-33]. The performance of FOPA is significantly affected by
several factors, such as high amplification sensitivity to phase mismatch of interaction spectral
components, stimulated Brillouin scattering (SBS), relative intensity noise, four-wave mixing
(FWM) caused by interchannel overlap with bidirectional pumping in the case of FOPA, and
stimulated Raman scattering (SRS) [34]. Ignoring the negative impact on SRS, the nonlinearity
of this fiber can be used to increase the performance of FOPA using a unidirectional pumping
light source during amplification for parametric amplifier pumping, which requires additional
power to initiate the necessary nonlinearity. The other nonlinearities mentioned above are
significant in high-speed data transmission systems, but FWM is highly dependent on the
distance between channels. Reducing this effect increases FWM. Unlike other nonlinearities,

FWM could cause power loss and degrade the performance of DWDM systems [35].

Optical signal amplification technologies are highly relevant for integrated photonic
devices that employ optical microspheres to generate optical signals via the nonlinear Kerr
effect. [8]. The main reason is that the signal is generated using a frequency comb in discrete

frequency lines spaced at equal intervals.
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This structure ensures accurate and stable frequency generation, resulting in a coherent
light source with spectrally limited lines. These spectrally limited lines are obtained thanks to
the stable generation of the frequency comb and low phase noise, which ensures that the
generated signals are monochromatic and have low frequency fluctuations [9]. The role of the
Kerr effect in this process is related to the use of a single light source. Thanks to this nonlinear
process, it is possible to create several comb lines that are closely spaced at a certain distance
from each other and “locked” in phase (no phase shift), thus obtaining narrow spectral lines in

the optical frequency comb [10].

Pulse position modulation (PPM) is used in optical fiber transmission systems, including
DWDM communication systems, to increase energy efficiency and reduce signal attenuation in
data transmission [11]. PPM information is encoded by the pulse position in the time window,
which reduces the effects of noise and nonlinear distortion. EDFA amplifiers are used, which
amplify the signal without the need for optoelectronic conversion, preserving the pulse phase
and amplitude structure. This ensures high receiver sensitivity and increases transmission
distance and spectral efficiency, which is particularly important for high-capacity multi-
channel DWDM systems. The use of PPM in optical fiber networks remains a promising area,
especially for energy-efficient and highly reliable next-generation optical communication
channels [12, 13].
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1. DOUBLE-CLAD WITH DIFFERENT RARE EARTHS Er*/Yb*
AND CLADDING-PUMPED FIBER AMPLIFIER EVALUATION IN
DWDM COMMUNICATION SYSTEM

Space division multiplexing (SDM) attracts the attention of optical amplifiers pumped
with a cladding due to their low pumping power conversion efficiency. To solve this problem,
an effective approach is considered to be an erbium (Er®") and ytterbium (Yb%*) ion-doped
optical amplifier with a direct pumping direction. However, they change the gain profile of the
Er®* doped fiber amplifier and cause a gain difference in the C-band, significantly limiting the
effective bandwidth of dense wavelength division multiplexing (DWDM) systems. This chapter
is devoted to a detailed study of Er®*/Yb®* cladding-pumped fiber amplifiers (EYDFAs) using
numerical simulations to determine the most suitable EYDFA configuration that provides the

desired performance for WDM communication system applications.

Double-clad EYDFA fibers were used in the simulation model, and the simulation results
were compared with experimental results. The following amplifier characteristics were studied
for different fiber lengths, channel numbers, and input signal power levels: gain coefficient,

gain uniformity, and noise factor.

Cladding-pumped erbium (Er¥*)/ytterbium (Yb®*) rare ion-doped fiber amplifiers are
more effective at high output powers, but this amplification technique also has potential in
telecommunications applications. Amplifiers of this type have complex characteristics; in
particular, the amplification profile and pumping conversion efficiency must be taken into
consideration. These parameters depend on the doped fiber profile, absorption/emission
spectra, and input signal power. In this context, a prototype of an Er¥*/Yb®* ion-doped fiber
amplifier (EYDFA) with cladding pumping was developed and investigated. The aim of this
model was to optimize the EYDFA configuration (doped fiber length, pumping power, input
signal power) suitable for signal amplification in a multi-channel optical fiber transmission
system with dense wavelength division in the C-band (1530-1565 nm). This approach involves
experimentally determining the parameters of Er**/Yb3" doped fiber using a simulation
configuration to determine the initial EYDFA configuration before performing experimental

measurements.

The experimental EYDFA prototype was tested under various scenarios using a 48-
channel dense wavelength division multiplexing (DWDM, 100 GHz) system to evaluate the
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absolute gain and gain stability. The results obtained allow assessment of the suitability of the
cladding pump amplifier for broadband signal amplification.

1.1. Description of the simulation model of an optical amplifier with double-clad
Er3*/Yb3* doped fibers
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Fig. 1.1. (a) — Simplified simulation model of cladding pumped EYDFA; (b) — Er¥*/Yb%*
absorption and emission cross sections measured for Er(3*)/Yb(®*) doped fiber using a
spectrum measurement method and entered into the simulation model.

The simulation model was implemented using VPIphotonics Design Suite
[VPIphotonics], while the absorption and emission cross-sections of Er¥*/Yb®* phosphosilicate
glass fibers with double cladding were experimentally measured at the SOPS laboratory and
entered as input data for the simulation configuration (see Fig. 1.1 (b)). Thus, the configuration

consists of three parts:

i) n 10 Gb/s OOK WDM transmitters;

ii) A realistic model of the EYDFA, consisting of the EYDFA itself, an optical pumping
light source (central wavelength Ap = 975 nm at 25 °C and output power 3-5 W), a high-power
optical combiner/splitter and amplifier test block to evaluate its characteristics (e.g., gain

spectrum and noise figure (NF));

ii)WDM (de-)multiplexers and receivers for signal quality evaluation.

The main component of this optical direct connection (OB2B) setup is the optical fiber model.
For this experiment, a double-clad Er¥*/Yb®* fiber with a direct pumping direction from
VPIphotonics Design Suite simulation software was used. According to its description, this
model is based on two-way signal propagation equations and multi-level ion population
velocity equations. This model was adapted to EYDF, where measured cross-sections were
used, as well as refined emission and absorption spectra and overlap coefficients to refine the
coupling and propagation of the WDM signal (~ 1550 nm) and pump signal (~ 975 nm) (which
depends on the fiber profile and dimensions). The simulation model was studied using
bidirectional signal pumping, considering several aspects such as Er3*/Yb3* ion energy
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transfer, transverse relaxation effects, excited state absorption, Rayleigh scattering, and Kerr
nonlinearity. The values of the setup parameters are shown in Table 1.

Table 1
Amplifier setting parameters

System parameters

Bitrate and modulation 10 Gbps NRZ-OOK

Number of channels (n) 1-64

The carrier frequency of the first/last channel 191.60 THz

Channel spacing 100 GHz

Single channel power -25 dBm/channel to -10 dBm/channel
EYDFA pump parameters

Pump wavelength 975 nm at 25 °C temperature

Pump power 3 W, operational range 0.3-5 W
Pumping direction Co-/counter propagation

Doped fiber parameters

Length 1-10 m

Er(3*) concentration 1x10%° m=3

Yb(3*) concentration 2x10% m3

Er3*/Yb3* cross-relaxation coefficient 1x1072 m3/s

Core area/inner cladding area 0.0058
(Acore/ Ainner cladding)

Inner cladding area/outer cladding area 0.9203

(Ainner clading/Aouter cladding)

The simulation model included parameters that define both the WDM system and the
EYDFA under test. In this case, a 10 Gb/s NRZ-OOK signal was used, with center frequencies
located in the C-band (1530-1565 nm), using a 100 GHz grid with a total number of channels
up to n = 64; channels 41-64 are outside the C-band (fc > 195.6 THz). Amplifiers of this type
are used to obtain the dependence of the amplifier gain and noise figure characteristics on
wavelength, especially for high (> 10 dBm/per channel) and low (< 25 dBm/per channel) input
signal power.

The category “EYDFA pumping parameters” provides more detailed information on the
optical pumping light source and its direction in relation to signal propagation. Finally, the

category “Alloyed fiber parameters” includes the measured, calculated, and given
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characteristics of EYDF, which were used to create a model of EYDFA in fiber optics
transmission system (FOTS) laboratory.
1.2. Evaluation of a double-clad Er3*/Yb®* doped fiber simulation model in a 64-channel
DWDM communication system

In this section, EYDFA configuration parameters such as the length of the Er¥*/Yb%*
doped fiber, its absorption and emission cross sections, and the direction of the pumping signal
were evaluated, as well as the influence of wavelength-dependent properties, gain flatness,
noise figure, and maximum output power. Before evaluating the power reduction caused by the
EYDFA, its performance was characterized at several wavelengths by varying the number of
DWDM channels and their power levels. The purpose of this simulation study was to find the
most suitable amplifier configuration that causes the least distortion while providing the
smoothest possible gain spectrum. This analysis used an optical pump light source operating at
Ap =975 nm and 3 W output power.
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Fig. 1.2. (a) Average gain, (b) average noise figure, and (c) maximum gain difference
between channels as a function of EYDF length in a system with 40 WDM channels, input
signal power —20 dBm per channel with 3 W 975 nm direct (blue) and reverse (green)
pumping sources.

These configuration values were selected based on the specifications of the FOTS
laboratory high-power light source, and the direction of the pumping signal propagation was
considered — forward and backward pumping. To choose the EYDF length and the direction of

the pumping signal, curves obtained from a 40-channel WDM system were used, showing the
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change in the amplifier gain coefficient, noise coefficient, and maximum output power
dependence on the EYDF length (see Fig. 1.2).

The results obtained show that the maximum amplification was achieved at an EYDF
length of 8 m, regardless of the direction of the pumping signal (see Fig. 1.2 (a)). A longer
EYDF does not provide greater amplification, which can be explained by the depletion of the
pumping radiation. Further increasing the length of the cladding fiber not only fails to produce
additional amplification but also causes the amplified signal power to decrease due to the
attenuation of the EYDF itself. The amplifier becomes noisier, especially in a configuration
where the signal is pumped in the opposite direction to the pumping direction (see Fig. 1.2 (b)).
In this case, the noise factor is no greater than 4.5 dB (direct pumping) and 6 dB (reverse
pumping). Figure 1.2 (c) shows the maximum gain difference observed between channels 1
and 40 (Ch1-Ch40) in a 40-channel DWDM system with an optical input power of —
20 dBm/channel. Gain uniformity is an important feature in systems with multiple alloy fiber
lengths. If all DWDM channels were not amplified equally, the power difference would increase
with each range, limiting the maximum transmission distance. The smallest gain difference (AG
<9dB) is obtained for a 7 m long EYDF for both 975 nm pumping signals in direct and reverse
pumping. It is significantly larger for shorter and longer EYDF segments, indicating that in this
particular combination of pumping power (3 W) and EYDF length (7 m), an adequate level of

ion population inversion was achieved, and therefore these parameters remain unchanged.
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Fig. 1.3. (a) — Optical spectrum obtained at the EYDFA output with a 7-meter-long alloy
fiber; and (b) — average gain and noise figure in a system with 40 WDM channels, input
signal power
—20 dBm per channel and with 3 W 975 nm direct (blue) and counter-directional (green)
pumping sources.

Finally, it was decided to use a pumping signal with a reverse pumping direction, so a
lower noise coefficient was chosen rather than higher amplification. Figure 1.3 (a) shows the

output power spectrum, while Fig. 1.3 (b) shows the individual gain and noise factor of each
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EYDFA-amplified DWDM channel. Due to the amplifier gain and noise figure depending on
the wavelength, the output spectrum is not flat. The amplifier output power levels vary from
0.1dBm to 8.3 dBm per channel (dBm/per channel, see Fig. 1.3 (a)), resulting in a gain
difference of 19.7-28.3 dB and a noise figure of 3.7-4.2 dB, see Fig. 1.3 (b). The input optical
power (pIN) for all 40 WDM channels examined was set at —20 dBm/per channel.

Next, the characteristics of EYDFA (gain, maximum gain difference, and noise
coefficient) were studied under various operating conditions by changing the number of

DWDM channels and their optical power levels.

During the analysis of the results, DWDM configurations with 1, 2, 4, 8, 16, 32, 40, and
64 channels were examined, where the input power levels were set from —25 to —10 dBm/per
channel, see Fig. 1.4.
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Fig. 1.4. (a) — Output power, (b) — maximum gain margin, and (c) — maximum noise figures
versus number of WDM channels and their input power for an EYDFA configuration with a
7-meter-long EYDF and Ppump = 3 W at Apump = 975 nm for forward pumping.

The output power curves show that the greater the number of DWDM channels, the
smaller the output power difference. The amplifier becomes saturated and ultimately cannot

amplify more than 40 DWDM channels, even if its power is only 25 dBm/channel.
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When analyzing the output power curve at pIN = 25 dBm/channel, it was noticed that the
output power level increases by 3.5 dB when the number of DWDM channels is increased from
two to four. However, the corresponding figure is 4.3 dB when the number of DWDM channels
is increased from 16 to 32 channels. This behavior indicates that low-power optical signals (i.e.,
with low input power and/or a small number of channels) are unable to fully utilize the
population inversion that occurs in the gain medium. Consequently, the unused portion of
population inversion ultimately results in excessive amplified spontaneous emission (ASE)
noise, which causes poor noise figure (see Fig. 1.4 (c)). In contrast, high input power consumes
the gained population inversion, so that the gained amplification decreases and the output
power reaches its limit. The output power increases by 0.3 dB when eight additional channels
are added to a 32-channel DWDM system (pIN = 25 dBm/per channel), and remains similar
even when the number of channels is increased to 64. Higher pump signal power does not
necessarily mean higher gain or higher output power. Even when using a 4 W pump signal, in
a 40-channel configuration with pIN = 20 dBm/channel, the output power increases by no more
than 0.2-0.3 dB. Consequently, the maximum output power of the proposed EYDFA is limited
to approximately +22 dBm. The maximum gain difference curves (see Fig. 1.4 (b)) show the
following trend: the higher the input power, the lower the gain difference in a DWDM system
with 4-32 channels. The main reason is that in order to achieve a similar gain level for signals
with higher input power, a larger portion of the population inversion is consumed. At a given
population inversion level, optical signals with higher power are less amplified and the gain
difference between channels becomes smaller. However, for 40 DWDM channels, the opposite
situation occurs, where the gain difference becomes larger when the input signal power is
higher (for example, comparing the —25 dB/per channel and —10 dBm/per channel curves). This
behavior occurs because higher power signals more effectively deplete the ion population
inversion. Increasing the number of DWDM channels to 40 at 25 dBm input signal changes the
average population inversion level across the EYDF to a value that provides more uniform gain
across the transmission system frequency band. More uniform amplification (gain) of all 40
DWDM channels was observed at pIN =25 dBm/channel, while at 10 dBm/channel the
population inversion decays much faster before similar uniformity is achieved. A similar trend
can be observed for the EYDFA noise factor (see Fig. 1.4 (c)). For channels with pIN —
20 dBm/per channel, the noise factor first decreases with each additional DWDM channel until
the number of channels (and their total power level) reaches a certain optimal point, beyond

which the noise factor begins to increase. With fewer power channels, the noise factor first
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increases by 0.5-1 dB and then begins to decrease, reaching 4-4.5 dB for 32-40 DWDM
channels.
1.3. Simulation and experimental evaluation of a double-clad Er®*/Yb®" doped fiber
amplifier model in a 48-channel DWDM communication system

This section describes the simulation model used to evaluate the expected key
performance indicators at different fiber lengths. The experimental model of the amplifier
under test is also described here, and the simulation and experimental results are compared.
The simulation scheme was created using VVPIphotonics Design Suite [36], which is shown in
Fig. 1.5. The input signal consists of 48 channels with a 100 GHz channel spacing and
37.5 GHz bandwidth corresponding to the settings of the possible WSS. This optical carrier
signal containing 48 channels emulates optical carriers (modulated signal data channels in a
WDM solution) (see Fig. 1.5).
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Fig. 1.5. Simulation of EYDFA WDM 48-channel model, with cladding pumping technique.
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Fig. 1.6. Experimental cladding-pumped EYDFA WDM 48-channel model.

The purpose of the simulation model is to determine the amplification characteristics and
provide the base values for the EYDF length and pumping parameters for the experimental

configuration. The simulation model [37] was further improved using the laboratory prototype
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shown in Fig. 1.6. where the amplification of a 3 m long fiber was measured. Accordingly, a
fictitious (data-unmodulated wavelength) WDM signal was obtained, consisting of 48 channels
with a bandwidth of 37.5 GHz and spaced 100 GHz apart, as shown in the inset of Fig. 1.5. A
high-power multimode diode stabilized at 30 °C with a bandwidth of 6 nm using a
thermoelectric cooler (see Fig. 1.6. was used as the pump light source. This pumping source
has a minimum output power threshold of 0.6 W, and active temperature control is important
for the diode, as higher temperatures reduce the output power and shift the spectrum to longer
wavelengths. The minimum output power threshold for this pumping source is 0.6 W. Active
temperature control is important for this diode, as higher temperatures reduce the output power
and shift the spectrum to longer wavelengths. It has been found that maintaining a lower diode
temperature results in higher EYDFA gain. The revised model was then used to evaluate the
optimal EYDF length and pumping power for broadband signal amplification, which was used
to analyze the results obtained. The main parameters of the EYDF used in the simulations are
summarized in Table 2.

Table 2
Amplifier setting parameters

System parameters

Number of channels 43
Channels carrier frequency range 191.35-196.05 THz
Channel spacing 100 GHz
Single-channel power (simulation) —20 dBm
Single-channel power (experimental) —25to —10 dBm
EYDFA pump parameters

Pump wavelength 973-977 nmat 30 °C
Pump power 0.6-25W
Pump direction Co-propagating

Doped fiber parameters

Length 2-Tm

Er3* concentration
1x10%m3/s

Yb3* concentration
1x10%m3/s

Er3+/Yb3* cross-relaxation coefficient 1% 102m¥s
Overlap factor (at 1530 nm) 0.0027
Overlap factor (at 980 nm) 0.9203

25



It was found that maintaining a lower diode temperature results in greater EYDFA
amplification than closer to the maximum wavelength of EYDF absorption (976 nm). The
spectrum of the pumping light source — the diode — was centered at a wavelength around
975 nm, which is ~ 1 nm below the maximum absorption wavelength of EYDF. Flat pumping
fiber connectors were attached to both ends of the EYDF. This was used to separate the pump
light from the amplified signal. The optical power at the EYDF output was controlled for both
pumping and the DWDM signal. Finally, the output signal spectrum was analyzed to obtain the
gain for each channel. No such significant increase is observed in other wavelength regions of

the amplification spectrum, i.e., the amplification profile is uneven.

At a pumping power of 2 W, the EYDF length was increased from 3 m to 5m, an
additional 5 dB was obtained in the wavelength range from 1555 nm to 1565 nm, and by
increasing the EYDF length to 7 m, an additional 2.8 dB was obtained. Figure 1.13 shows that
increasing the EYDF length increases the output gain in the 1535-1545 nm range, but the gain

maximum shifts to longer wavelengths.
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Fig. 1.7. Simulation results with EYDFA gain of —20 dBm/per channel for a 48-channel
signal depending on the pumping power (0.12-2 W) at three EYDF lengths: (a) 3 m, (b) 5 m,
and (c) 7 m.

Figure 1.7 shows that increasing the length of the EYDF increases the output gain in the
1535-1545 nm range, but the maximum gain shifts to longer wavelengths. The corresponding
gain values are summarized in Table 3. The simulation results show that in the case of a 3 m
long EYDF, the amplifier produces almost identical gain spectra at 1 W and 2 W pumping
power. The corresponding gain values are summarized in Table 3. This means that for relatively
short EYDF sections, 1 W pumping power is sufficient to ensure inversion of the excited Er®*
population and maintain signal amplification. Therefore, pumping powers above 1 W can be

considered excessive for such short-doped fiber lengths.
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Table 3
Simulation of EYDFA Amplification Development

EYDF length, m 3 5 7
38
Maximum gain, dB 25.6 34.6
Maximum peak wavelength, nm 1536.4 1538.8 1540.4
A Gain, dB - 9.1 34

In the case of a 3 m long EYDF, increasing the pumping power from 1 W to 2 W results
in only 0.8 dB of additional gain. However, longer EYDF fiber sections provide greater gain

increase (2.3 dB and 2.8 dB for 5 m and 7 m long EYDF, respectively).

These results, obtained through simulation, are used as a reference point for selecting the
EYDF length and pumping power for the simulation configuration. The first test in the FOTS
laboratory was performed using a 7 m EYDFA fiber length pumped with 3 W of pumping
power. The simulation results obtained show a narrower and flatter EYDFA gain profile
compared to the simulation results; it is shifted to longer wavelengths and has a sharp drop
below 1544 nm. Thus, the 7 m EYDF fiber is too long for the selected application. Therefore,
the measurements are repeated using shorter EYDF ranges (5 m, 3 m, and 2 m) to determine a
more suitable length for the experimental configuration. A comparison of the experimental and

simulation results is shown in Fig. 1.8.
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The closest variable is a 3 m long EYDF in the 1545-1560 nm wavelength range.
Experimental data for longer (5 mand 7 m) EYDF sections show signal absorption in the 1530-
1540 nm spectral range, which coincides with the Er3* absorption maximum (see Fig. 1.8).
This causes additional signal amplification around the wavelength of 1560 nm. This causes
additional signal amplification around the wavelength of 1560 nm. Signal reabsorption was not
taken into account in the simulation model. The discrepancy between the simulation and
experimental data (especially for 2 m) could be related to the specific shape of the EYDF inner
cladding (and its pumping focusing properties), which is represented in a simplified form as an
overlap coefficient in the simulation model. The simulation data cannot be used to accurately
describe the amplification shape. These data are useful for determining the initial values of the
laboratory equipment. The gain of each channel in the EYDFA configuration is analyzed using
a 48-channel fictitious WDM signal constructed using a broadband ASE noise source and WSS.
After filtering, the signal power level is adjusted with a variable optical attenuator. It should be
noted that the number of DWDM channels/wavelengths is limited by the WSS operating band.
The spectra of the cladding-pumped EYDFA gain were recorded for configurations with EYDF
wavelengths of 2 m, 3 m, 5m, and 7 m, while the signal input power remained unchanged: —
25 dBm, —20 dBm, and —10 dBm per channel (see Fig. 1.9).
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Fig. 1.9. Experimentally measured EYDFA gain at three different input signal powers
depending on EYDF length and pumping power: (a) 0.6 W, (b) 1 W, (c) 2 W. The curve in

each graph indicates the fiber length and total output power.
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The obtained gain spectra show that with a signal input power of —25 dBm per channel,
an undesirable laser radiation maximum was observed at a pumping power above 1 W. At the
highest signal input power level (10 dBm per channel), the usable bandwidth of the amplifier
shifts to longer wavelengths as the EYDF length increases. At the lowest signal input power
level (25 dBm per channel), increasing the EYDF length from 2 mto 5 m, the power levels of
the 1544 nm wavelength channels remain almost unchanged (less than 1 dB difference), while

the longest wavelengths show significantly higher amplification.

When the EYDF length was increased from 5 m to 7 m, channels with wavelengths above
1544 nm were amplified even more. However, for channels with wavelengths around 1536 nm,
the gain decreases by 10 dB, and a sharp drop is observed below 1536 nm. This amplification

can be explained by Er3* population inversion.

The glow of the pump light comes from the upward luminescence of Er3*, which
indicates high population inversion. This effect decreases when the input signal is combined
with the EYDFA amplification signal, as part of the excited Er3+ returns to its ground state,
amplifying the C-band signal.

More specifically, the Er3* population inversion [38] required for amplification at these
wavelengths is not maintained over the long EYDF range, resulting in uneven amplification
spectra. In addition, it was observed that the first meter of the EYDF glows green when the

pumping source is active (see Fig. 1.10).

Fig. 1.10. EYDF green luminescence with the pumping light source switched on. A purple
tint is visible because pumping light leaks from the fiber and is captured by the camera. To
avoid the possible effects of thermal expansion, the steel rod has been removed from the

protection sleeve of the fusion splice.
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2. PERFORMANCE EVALUATION OF OPTICAL FIBER
PARAMETRIC AMPLIFIER (FOPA) AND RAMAN-ASSISTED FOPA
AMPLIFIER

This chapter compares the performance of the Raman-assisted FOPA (RA-FOPA)
solution with that of a standard single-pump light source FOPA, which provides approximately
the same amplification level in a 16-channel dense wavelength division multiplexing (DWDM)
transmission system (see Fig. 2.1). During the research, the main focus was on the total power

required by the FOPA amplifier to provide a certain level of amplification for the amplified

signal quality.
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Fig. 2.1. Simulation model of 16 channel 10 Gbps WDM transmission system with NRZ-OOK
modulation format and (a) a RA-FOPA preamplifier or (b) a single-pump FOPA preamplifier.
2.1. Description of the FOPA simulation model assisted by FOPA and RAMAN in a 16-
channel DWDM transmission system

RA-FOPA and single-pump FOPA solutions were used as preamplifiers and were placed
directly at the attenuator output. After the signal passed through the preamplifier, the amplified
signal was sent through a 3 dB bandpass optical filter (OF) with a bandwidth of 15 nm and,
using an optical splitter with 13.5 dB insertion loss, the transmitted optical signal was split into
16 PIN photodiode-based receivers with a sensitivity of 23.9 dBm at a 1072 bit error rate (BER)
threshold. At the input of each receiver, the signal passes through a different passband optical
filter with a 3 dB bandwidth of 0.11 nm to filter out radiation belonging to adjacent channels.
Double filtering is necessary because each filter has a dispersion coefficient of 20 dB, so using
a single filter is insufficient to eliminate the effect of residual pump radiation on the quality of

the received signal.

In the RA-FOPA solution (shown in Fig. 2.1 (a)), 500 mW of 192.92 THz pump output
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radiation was sent through a phase modulator used to reduce stimulated Brillouin scattering
(SBS), an optical polarizer to ensure that the polarization state of the pump matches that of the

signal, an optical isolator, and then combined with the signal to be amplified.

The combined signal with a direct pumping direction was then propagated through a 1 km
long HNLF with a zero-dispersion wavelength of 1553 nm and a nonlinear coefficient of
15.0 W~ km™?, which is used as an amplification medium and in which the signal amplification

took place.

A Raman optical amplifier with a pumping power of 500 mW was connected to the other
end of the HNLF, where the optical signal was transmitted in the opposite direction to the
pumping direction relative to the parametric (RA-FOPA) pumping signal. This direction of
propagation of the Raman pump signal in the HNLF was chosen to avoid four-wave mixing
(FWM) between the Raman and parametric amplifier pumping. The structure of a single-pump
FOPA solution is similar, but, in this case, there is no Raman pumping, and amplification is
provided only by parametric pumping, the power and frequency selection of which is described
in the next section.

2.2. Evaluation of the amplification gain spectrum of RA-FOPA and parametric
amplified FOPA with a single pumping source

Inthis section, a simulation model with Raman-assisted FOPA and a single pumping laser
source FOPA solution was investigated, and the results that could provide approximately the
same amplification level were analyzed and the two amplification solutions were compared in
terms of amplified signal quality. The gain for the 16 channels created by RA-FOPA with the
configuration described above averages 31.6 dB (from 31.4 dB in channel 1 to 31.8 dB in
channel 9). Next, a pumping FOPA configuration was obtained that provided approximately
the same gain level. The main goal of the experiment was to find a single FOPA pumping
configuration that would provide amplification in each of the 16 amplified channels and where
the channel amplification would not be less than the amplification of the same channel

produced by RA-FOPA, using the lowest possible pumping power.

The results obtained showed that the lowest pumping power that met the above condition
was 755 mW at a pumping center frequency of 192.91 THz. This amplifier configuration
provided signal amplification from 31.5 dB (channel 16) to 32 dB (channel 7). The amplification
spectrum produced by RA-FOPA and single FOPA pumping with the parameter configurations

described above is shown in Fig. 2.2.
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Fig. 2.2. On-off amplification spectrum generated by a single pumping source FOPA (red
line) and amplification spectrum generated by RA-FOPA (blue line).

The gain for the 16 channels created by RA-FOPA with the configuration described above
averages 31.6 dB (from 31.4 dB in channel 1 to 31.8 dB in channel 9). Next, a pumping FOPA
configuration was obtained that provided approximately the same gain level.

The main goal of the experiment was to find a single FOPA pumping configuration that
would provide amplification in each of the 16 amplified channels and where the channel
amplification would not be less than the amplification of the same channel produced by RA-
FOPA, using the lowest possible pumping power. The results obtained showed that the lowest
pumping power that met the above condition was 755 mW at a pumping center frequency of
192.91 THz. This amplifier configuration provided signal amplification from 31.5 dB (channel
16) to 32 dB (channel 7). The amplification spectrum produced by RA-FOPA and single FOPA
pumping with the parameter configurations described above is shown in Fig. 2.2.

Comparing the configurations of both amplifier models, it can be seen that the single-
pump FOPA solution has a significantly higher amplification efficiency, making it the most
suitable in terms of energy consumption to provide approximately the same level of
amplification. It requires 245 mW less pumping power than the RA-FOPA solution. However,
as the results presented later in this chapter will show, RA-FOPA has several advantages over

standard single-pump FOPA.
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The results obtained in Fig. 2.2 clearly show the advantage of the RA-FOPA solution, as
the —3 dB bandwidth of the RA-FOPA amplification spectrum is approximately 0.1 THz wider
than that of the single-pump FOPA amplification spectrum.

2.3. Optical signal-to-noise ratio (OSNR) evaluation in RA-FOPA and single-pump
parametric FOPA amplifiers in a 16-channel DWDM system

To evaluate the amount of noise generated by the performance of both amplifiers, the
optical signal-to-noise ratio (OSNR) at the receiver input was obtained and compared for each

of the 16 channels.

= FOPA
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Fig. 2.3. OSNR values of the signal received in each channel, obtained in a system with a
single pumping FOPA (blue) and in a system with an RA-FOPA solution (orange).

The results obtained in Fig. 2.3 clearly show that the OSNR values observed in the RA-
FOPA system are higher in all channels except for channel 10, where the OSNR in the standard
FOPA system with a single pump source was 0.1 dB higher than in the RA-FOPA system
(19.4 dB and 19.5 dB, respectively). The largest OSNR difference between the two systems
was observed in channel 1, where the difference reached 2 dB, but on average, the OSNR in the
RA-FOPA system was 0.8 dB higher than in the system with a single-pumping FOPA.

2.4. Biterror rate evaluation of RA-FOPA and single-pumping source parametric FOPA
amplifier 16-channel DWDM system

To evaluate the quality of the amplified signal, the BER value was obtained depending on
the detected signal power in the channel with the highest BER (channel 9) in both the RA-
FOPA system and the single-pump FOPA system. It is important to note that the BER values
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were not obtained during the experiments but were calculated based on the OSNR values. The
obtained BER dependencies are shown in Fig. 2.4.
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Fig. 2.4. BER dependence on received signal power in channel 16 in a system with RA-
FOPA (blue line) and in a system with a single pumping FOPA (red line).

Figure 2.4 shows that the system with the RA-FOPA solution exhibited a signal that was
0.7 dB weaker at a BER threshold below 10-9 than the system with a standard single pumping
source FOPA.

Summary of Thesis 1

e Based on the research conducted and the results obtained, it can be concluded that the
amplifier configuration with a 3 W pumping light source at a wavelength of 975 nm for WDM
applications requires a 7 m long EYDF (with the obtained physical parameters) and a direct
pumping direction. Given the low input signal power (+20 dBm/per channel), EYDFA can be
used to amplify up to 40 DWDM channels in the C-band, providing a maximum output power
of +22 dBm, 19.7-28.3 dB gain and noise figure of 3.7-4.2 dB.
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3. GENERAL CHARACTERISTICS AND EVALUATION OF
PICOSECOND PULSE EXPANSION IN PPM COMMUNICATION
SYSTEMS

The pulse position modulation (PPM) technique allows for a significant increase in
energy efficiency compared to existing technologies [39, 40]. The PPM symbol (see Fig. 3.1),
in which the pulse has four positions and all symbols are separated by a guard interval T_g, is
intended for information processing. This figure also shows that the total time for a specific
useful load interval is M - T =T — T_g, where M is the number of positions, t is the duration of
one position, and T is the duration of the symbol. The number of bits transmitted in one symbol,

B, can be calculated as follows:

B = log2xM. 3.1

Symbols with a higher number of positions M save energy, while a higher transmission
speed is achieved by reducing the number of positions. The data transmission speed R can be
calculated as follows:

R=2. 3.2

PPM as a data modulation method essentially poses seemingly simple requirements. It is
necessary to ensure very short pulse generation with the possibility of changing the interval
between pulses. There are many different methods for determining this. One of the most
promising high-speed PPM techniques is direct time measurement using an event timer. The
accuracy of the event timer is one of the limiting factors of this modulation method [41]. To
save energy, the pulses must be as short as possible, while for detection, the pulse duration must
be long enough to be recorded by the timer. The highly accurate Eventech A033-ET event timer
[42, 43] can detect events with a root mean square (RMS) accuracy of approximately 3 ps, but
the pulse must be above the timer's pulse detection threshold of at least 700 ps. Therefore, in
most cases, pulse shaping, expansion, and automatic gain control must be performed before the

event timer detects the pulse.

[\ M1 [\ M1
. . |

Fig. 3.1. PPM signal structure, where M = 4, B = 2, and codes are “00” and “01”.
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3.1. Description of the design model of a fabricated 450 MHz low-pass filter

The design of the LPF model, which was fabricated and used in this experiment, is shown
in Fig. 3.2. Unfortunately, both Ansys HFSS modeling and the experiment showed that such a
self-made LPF filter has insufficient attenuation in the frequency band above 4 GHz, which
causes significant distortion of the expanded reference pulse position modulation 512-TR-PPM
pulse shape. It should be noted that the RF baseband bandwidth occupied by such PPM signals
is approximately 20 GHz.

50 (mm)

Fig. 3.2. Fabricated 450 MHz LPF design model
3.2. Evaluation of pulse expansion using various fabricated LPF filters

The experimentally constructed circuit with a pulse expansion module (PPM) and event

timer is shown in Fig. 3.3.
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Fig. 3.3. Experimental setup for generating, transmitting and detecting a 512-TR-PPM signal
using a DSO or event timer with a connected computer that evaluates the BER of the received
PPM signal.

The vector describing the 512-TR-PPM waveform was saved in a special pulse pattern

generator (PPG) file format and loaded into its memory so that it can be electrically generated
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on demand. The same PRBS sequence is later used for BER estimation in the receiver. The
electrical 512-TR-PPM signal was generated at the single-channel output of a PPG generator
(PPG, 33 GHz, Anritsu MU183020A). The PPG output voltage swing is 3.5 Vpp, which is
sufficient to drive the optical modulator without an additional electrical radio frequency (RF)
amplifier. A microwave signal generator (Anritsu, 31.8 GHz, MG3693C) generates a high-
purity 20 GHz sinusoidal signal and serves as the external clock source for the PPG. The
40 GHz Mach-Zehnder modulator (MZM, Photline MX-LN-40) is directly connected to the
PPG output using a 2.92 mm to 1.85 mm connector adapter. An adjustable CW laser operating
at 1552.52 nm (193.1 GHz, according to the ITU-T DWDM grid specification) is connected to
the MZM input.

The optical output power is set to +7 dBm for optical (B2B) transmission and +9 dBm
for a 20 km single-mode fiber (SMF) transmission configuration. After optical modulation, the
signal was transmitted over 20 km of ITU-T G.652 SMF fiber. The SMF output is connected
to a linear variable optical attenuator (VOA, Keysight F\VA-3150) with 2 dB insertion loss at a
wavelength of 1550 nm. The optical signal from the VOA output was fed to a 10 GHz PIN
photodiode (PIN, 8 GHz, Amonics PR10G), where it was converted back into an electrical
signal and, after passing through the PPM module, was recorded with a 33 GHz real-time digital
memory oscilloscope (DSO, 80GSa/s, Keysight DSOZ334A) or an event timer (Eventech,
AO033-ET), as shown in Fig. 3.3. The RF baseband bandwidth of a 512-TR-PPM signal with a
pulse width of 50 seconds is approximately 20 GHz. In the case of optical B2B transmission,
the pulse width of the 512-TR-PPM signal, which was originally 50 seconds, was measured at
71 seconds. Furthermore, after 20 km of SMF transmission, the pulse duration is approximately
96 seconds because the RF bandwidth of the PIN receiver is limited by the chromatic dispersion
of the optical fiber.

Pulse expansion module (PEM)

- > i
450 MHz s 0.33.04dng BiasT

Fig. 3.4. Schematic diagram of the experimental PEM pulse expansion module.
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An event timer was used in this experiment, for which the pulse waveform and duration
are very important. The experimental PEM module, which was developed using a methodology

already described in [68], includes the circuit shown in Fig. 3.4).

Numerical calculations in Ansys HFSS modeling software show that a high-order
electrical LPF was used, whose insertion losses increase rapidly above the cutoff frequency,
resulting in a wave-like filtered pulse waveform. The false ripple was also confirmed by
experiments with commercial LPFs, manufactured with a sharp increase in insertion loss in the
stopband. Calculations show that sufficient pulse width and minimal ripple in the filtered pulse
waveform can be achieved using a filter with a third-order Bessel transfer function and a cutoff
frequency of 450 MHz. Such a low-pass filter also ensures that the rising edge of the pulse is

as steep as possible.
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Fig. 3.5. Measured S-parameters: a) S11 curve (blue) of the LPF itself and (red) of the LPF
itself and the commercial LPF cascade connection; b) S21 curve (blue) for the LPF itself and
(red) for the LPF itself and the commercial LPF cascade connection.

The measured S-parameters of the fabricated LPF are shown in Fig. 3.5, where the blue
curves represent the S-parameters obtained using a vector network analyzer (Rohde &
Schwarz, 20 GHz, R&S ZNB20). To compensate for insufficient attenuation, a commercial
LPF (DC-1300 MHz passhand, Mini-Circuits VLFX 1300+) was connected to the self-made
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cascade LPF filter. The measured S parameters are shown in Fig. 3.5 as red curves. The cascade
LPF with a cutoff frequency of 450 MHz and a commercial filter with a cutoff frequency of
1300 MHz ensure the required pulse length increase above the 700 ps threshold (event timer

requirement).

At the same time, the PPM retains the steep rising edge of the expanded PPM pulse and
insignificant pulse fluctuations. After processing, by connecting a self-made cascade and
commercial LPFs, the expanded 512-TR-PPM signal is amplified with an RF amplifier (30 dB
gain, 30-4000 MHz), and, using a bias tee (BiasT, 20 kHz 45 GHz, SHF BT45), an additional
bias voltage was applied to optimize the reception of the expanded 512-TR-PPM waveform
with an event timer (Eventech, A033-ET). Using the aforementioned PPM module, the
received 512-TR PPM pulses were expanded to 978 ps in the receiver section, ensuring stable

timer operation.

Low-order TR-PPM signals can be demodulated using the autocorrelation of the received
signal [44]. Signals with a large number of positions M require more complex methods. In this
study, a 512-TR-PPM signal demodulator based on an event timer (Eventech, A033-ET) and a
software framework described in [45] was used. The A033-ET is a computerized device that
records time stamps (raw data) as absolute times with high accuracy (approximately 3 seconds
geometric mean), and can record events at a rate of 20 M events per second. The event timer
cannot detect short pulses, such as 50 ps. Therefore, a PEM module was created that provided
512 TR-PPM pulses with a duration of approximately 978 ps (see Fig. 4.7). A033-ET has a

50 ns dead time required for the timer to process and store data.

Summary of Thesis 2

Based on the research conducted and the results obtained, it can be concluded that 512-
TR-PPM is an effective modulation mode for long-distance communications, where energy
efficiency is a very important factor. The main advantage of TR-PPM is its stability, given the
reference pulses included in each frame. This study proves that it is possible to use software to
correct minor inaccuracies in signal generation, which are mainly caused by the detection
method, i.e., the event timer. Using the PPM module in the receiver part, it is possible to extend

the received 512-TR-PPM pulses to 978 ps, ensuring stable operation of the event timer.
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4. DESCRIPTION OF THE LENS FIBER APPLICATION
IN INTEGRATED PHOTONIC DEVICES

This chapter demonstrates the production of spherical lens fibers (SLF) using
commercially available arc fusion splicing (Fujikura-100P+), which is common equipment
used in the field of optical fiber communications and photonics. The main objective of the study
is to determine how easily important lens fiber parameters, such as working distance and
diameter size, can be manipulated using this manufacturing method [46-51]. This assessment
includes manufacturing simplicity, consistency of manufactured samples, and the number of
iterations required to refine the lens parameters necessary for a specific application. The
manufactured samples are compared with commercial-grade lens fiber products, which are
used as a basis for comparison.

4.1. Description of the lens fiber structure and manufacturing process

The most common and effective method of manufacturing optical lenses involves the use
of arc discharge welding equipment. In this case, an electric arc created by two electrodes fuses
the fibers, thereby connecting, narrowing, and forming micro-lenses. However, the main
disadvantages of this method are uneven fiber heating and long production times (up to several
minutes), depending on the lens diameter. This increases the risk of geometric distortion,
mainly due to the effect of gravity, but also due to external factors such as vibrations that occur
during the process. Another limiting factor is that electric arc fusion splicing causes uneven
heating of the outer surface of the optical fiber. This limits the ability to precisely form lens
structures. All this can lead to structural asymmetry, especially if the fibers are not perfectly
aligned during arc discharge [52, 53].

The first step in the lens fiber manufacturing process is to measure the total loss of the
test equipment. Each piece of fiber and connector used here has a characteristic loss factor.
Therefore, an uncut fiber connection cable is used at the beginning to determine the base
reference value. The connector fiber cable was cut in half, considering the system power loss.
This gives us the free space loss figure, where the two ends of the SMF (ITU-T G.652) fiber
are tightly connected relative to their core profiles. Ideally, this adds only an additional 0.5 to
1 dB loss to the reference measurement figure and, in terms of transmission power, should be
equal to or greater than the best lens fiber samples. Two Thorlabs motorized positioning stages

are used to align both fiber ends and create a lens fiber standard fiber connection.
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These stages are covered by two fiber clamps that hold the samples firmly in place to
ensure optimal measurement stability. The clamps can be moved in the X, Y, and Z directions
using stepper motors for broader alignment or piezo motors for precise adjustment and finding
the absolute best connection position. Two microscopes are positioned directly above and to
the side to ensure optimal visibility and monitoring. The end of the transmission fiber (the
direct laser output element) was inserted into one end of the fusion splicer. A Fujikura FSM-
100P+ fusion splicer was used during the experiments.

4.2. Evaluation of insertion loss at a wavelength of 1550 nm

Unlike in the previously described research [54], it was decided to avoid additional core-
free fiber splicing. This was justified by the fact that small lens fiber diameters would remain
intact, thus avoiding additional dispersion and eliminating the fusion point between the two

types of fibers. The experimental setup used is shown in Fig. 4.1.
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Fig. 4.1. Experimental setup for testing transmission between the separated SMF fiber and
the prepared lens fiber. Here, CW denotes a continuous wavelength laser source.

From the experimental results shown in Fig. 4.2, it can be concluded that connection
losses are not linearly related to the diameter of the lens fiber. The trend starts with a negative
slope, and the best results were actually observed at a lens size of approximately 129 um. This
is followed by a gradual and rapid increase, which eventually levels off. These results could be
explained as follows: in the case of very small sizes, the end of the fiber cannot form a
sufficiently good lens shape because there may not be enough material around it to form the
shape. It could also be that the arc discharge power is insufficient and cannot be increased
because it simply creates a larger lens. As the size increases, the cause of the lens fiber problem

could be related to uneven melting of the fiber core and subsequent deformation.
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Lensed fiber losses with relation to their size at 1550 nm wavelength
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Fig. 4.2. Connection losses for a specific lens size at a wavelength of 1550 nm.

From the results shown in Fig. 4.2, it can be concluded that connection losses are not
linearly related to the diameter of the lens fiber. The trend starts with a negative slope, and the
best results were actually observed at a lens size of approximately 129 um. This is followed by
a gradual and rapid increase, which eventually levels off. These results could be explained as
follows: in the case of very small sizes, the end of the fiber cannot form a sufficiently good lens
shape because there may not be enough material around it to form the shape. It could also be
that the arc discharge power is insufficient and cannot be increased because it simply creates a
larger lens. As the size increases, the cause of the lens fiber problem could be related to uneven

melting of the fiber core and subsequent deformation.

The principle of laboratory-made lens fibers is based on the fact that light is partially
scattered from the end of the core and then focused by the welding equipment due to the shape
of the lens. However, if the lens size varies too much, the results become significantly worse.
This threshold occurs at a lens size of approximately 140 pum, where Fig. 4.3 (microscope

image) shows the distorted core development phases.

It should be noted that during the testing phase, lens sizes ranging from 125 um to
137 um in diameter were tested more extensively than those ranging from 140 pm —155 pm in
diameter. The smaller diameter gave better results [55]. Therefore, the gradual increase at the
end of the graph may be random in nature and, for the reasons mentioned above, should be

steeper.
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(a) (b)

Fig. 4.3. Gradual increase in lens fiber diameter and subsequent core deformation: (a) split
fiber end with a diameter of 125 um (connected to a low power source that does not form a
lens shape only in the fiber core); (b) manufactured lens fiber with a diameter of 131 um;
(c) manufactured lens fiber with a diameter of 155 pm.

In the final part of the experiment, the loss change indicators in the lens fiber system were
studied and evaluated when subjected to wavelength fluctuations. This is a potentially
important factor in determining their usefulness in testing optical microchips. Optical
microchip waveguides tend to have different responses to different optical frequencies, and this
information is essential for the operation of existing designs as well as future prototypes. This
means that a certain degree of consistency in the response of the lens fiber is required in order
to eliminate this factor in the testing of optical lens fibers. Figure 4.4 shows that even the best
samples (127-135 um) tend to have more or less constant responses to changes in laser
frequency. Slight deviations may occur due to minor changes in the fiber condition and

fluctuations in room and fiber temperature.

Wavelenght sweep results for various lensed fiber diameters
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Fig. 4.4. Response of different lens sizes to changes in laser frequency (laser sweeping in the
optical C-band).
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Theoretically, even large-sized fiber lenses exhibit only a 0.5 dB deviation in optical
power, which is within the normally acceptable error range. However, the trend line is more or
less linear, which does not indicate random changes in system parameters. In addition, modern
optical devices are much more accurate and sensitive to changes in laser power. Therefore, this
trend cannot be ignored and can be considered a reason not to include large lens sizes in the

measurements.

Summary of Thesis 3

Laboratory experiments have shown that the fabricated and demonstrated lens fibers can
fulfill this role while maintaining acceptable performance indicators. Assuming that the
manufacturing process has been developed, the production time for these samples is up to half
an hour. The frequency shift response is consistent and reliable for the best lens fibers, which
may be the most important factor, apart from the absolute loss figures for a single specific
wavelength.

Therefore, it can be concluded that the fabrication of a lensed fiber from a section of
standard SMF-28 optical fiber provides satisfactory performance for the intended application.
Such small-diameter lensed fibers exhibit low insertion losses, efficient focusing
characteristics, and high sensitivity to laser frequency variations, making them a suitable
solution for the characterization and testing of optical devices where extremely high
measurement precision is not required.
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CONCLUSIONS

1. EYDFA with cladding pumping operation is characterized using a developed simulation
system based on measurement data. By analyzing the amplifier gain, noise figure, and power
loss, its suitability for operation in metro access optical transport networks, where DWDM
communication system technologies are commonly used, was observed. First, double- clad
Er3+/Yb3+ co-doped fiber, which was used as the gain medium for the amplifier prototype,
was experimentally characterized in order to develop and analyze the experimental EYDF
prototype. Next, various EYDFA configurations were tested under different operating
conditions (including different lengths of alloyed fibers, pumping signal propagation
directions, signal input power, etc.) to discover the parameter settings that provide the best
amplification characteristics, i.e., high, uniform amplification and low noise factor. Based on
the research conducted and the results obtained, it was found that for an amplifier configuration
with a 3 W pump light source at a wavelength of 975 nm for WDM applications, a 7 m long
EYDF (with the obtained physical parameters) and co-propagation are required. Given the low
input signal power (—20 dBm/per channel), EYDFA can be used to amplify up to 40 DWDM
channels in the C-band, providing a maximum output power of +22 dBm, 19.7-28.3 dB gain,

3.7-4.2 dB noise figure, and power reduction (relative to a system without amplification) below

0.1 dB at a BER level of 10°°.

2. A prototype of the EYDFA amplifier with cladding pumping was developed using
numerical simulations and an experimentally created model. An EYDFA configuration (total
fiber length, pumping power, input signal power) suitable for signal amplification in a multi-
channel optical fiber transmission system with dense wavelength division in the C-band was
determined. EYDFA was used as the active amplification medium in commercial double-clad
EYDF fibers. Therefore, the characteristics of EYDF (specifically, Er3+ and Yb3+ absorption
and emission cross sections and overlap coefficients) were first determined experimentally.
This data was then entered into a simulation model to determine some initial EYDFA settings,
such as the EYDFA length and pumping power required to provide the desired amplification,
before moving on to laboratory parameter configurations. Finally, the developed prototype was
used to study the absolute gain and gain uniformity of the EYDFA under various conditions
using a 48-channel DWDM system with —20 dBm/ch. input power. The results obtained show
that the EYDFA amplifier prototype, consisting of a 5 m EYDF fiber length, where the optical
pumping light source used was a multimode light-emitting diode with 2 W output power,

provides practical amplification in the wavelength range of 1534-1565 nm. In this wavelength
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range, the EYDFA provides > 21 dB of amplification per channel with a 12 dB gain coefficient,
amplifying 48 channels with a 100 GHz spacing between channels.

3. Based on the research experimental results, it can be concluded that the BER threshold
of 1x10° was achieved at a pumping power of 80 mW for co-propagating pumping
(=980 nm) and at 130 mW pumping power for counter-propagating pumping direction
(A = 1480 nm) for a 10 Gbit/s NRZ modulated received worst-case signal operated at A.

4. Comparing the OSNR values of all channels after amplification, it was found that the
OSNR in the RA-FOPA system is on average 0.8 dB higher than in the single-pump FOPA
system. This result can be explained as follows. The FWM process used by FOPA for signal
amplification is highly dependent on the phase mismatch between the interacting spectral
components (pump and signal). On the one hand, the signal and parametric amplifier pumping
jointly propagate in the HNLF, so the greater the accumulated phase mismatch, the lower the
FWM efficiency. On the other hand, the efficiency of FWM increases with the power of the
interacting spectral components. This applies not only to pump-signal interaction
(amplification), but also to channel-channel interaction (CC-FWM). Therefore, if the
parametric amplifier pumping has an additional power source throughout the amplification
process, the main part of the amplification is generated further in the HNLF, where the
efficiency of CC-FWM and parametric amplification is lower than at the beginning of the
amplification environment. The difference in interchannel overlap caused by CC-FWM
resulted in a 0.7 dB power reduction in the system with a standard single-pump source FOPA
compared to the system with an RA-FOPA solution, ensuring the required received signal
BER > 1 x 107° threshold.

5. Based on the research conducted and the results obtained, it can be concluded that 512-
TR-PPM is an effective modulation mode for long-distance communications, where energy
efficiency is a very important factor. The main advantage of TR-PPM is its stability, given the
reference pulses included in each frame. The results obtained prove that it is possible to use
software to correct minor inaccuracies in signal generation, which are mainly caused by the
detection method, i.e., the event timer. The use of an event timer for PPM signal detection
offers many advantages, such as the ability to analyze raw data (timestamps) and apply digital
signal processing for correction in the receiver. By using a PPM module in the receiver section,
it was possible to extend the received 512-TR-PPM pulses to 978 ps, ensuring stable operation
of the event timer.

6. The results show that the position width significantly affects the BER of the PPM signal.

The main obstacle to achieving low BER at narrower time intervals is jitter, which
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allows higher data transfer rates at the event timer input. An inaccurate PPM modulator can
introduce jitter in the form of waves using PPG, which is not a significant cause of jitter. A
much greater impact is likely to be caused by the analog front end of the PPM receiver, which
consists of a PEM containing an RF amplifier and deviation elements.

7. Finally, lensed fiber samples were made from core-less fiber using a commercial fusion
arc splicer. The light beam diverges more when connecting a longer piece of core-less fiber to
SMF. Combined with the focusing properties of the manufactured lens, this provides a tighter
focus, resulting in reduced connection losses. Lens fibers with high connection losses can be
used in various applications, where precise light focus and control are required. Despite higher
connection losses, these applications include biomedical imaging or FBG sensors, where the
high connection losses of lens fibers can help reduce unwanted reflections and improve the
signal-to-noise ratio. Overall, lens fibers with high coupling losses can be useful in microchip
applications that require precise light coupling control, high signal-to-noise ratio, and low

signal reflections.
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