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Abstract

In order to satisfy the exponential increase of data traffic demand in access networks (fixed
or mobile), mainly due to the increasing of broadband services (as high-quality video ap-
plications), Passive-Optical-Networks (PON) based on Wavelength-Division-Multiplexing
(WDM) techniques has been considered as a promising solution. However, the lack of
low-cost optical sources represents a high implementation cost of WDM-PON systems in
access networks. Hence, the WDM-PON systems have been proposed using a kind of op-
tical sources, known as colorless transmitters, which act as tunable lasers with an emission
wavelength controlled by external mechanisms (usually located in the central office side).
The main idea of colorless technology is to reduce the inventory, operation, and maintenance
cost by the implementation of universal transmitter devices, mainly at the end-user side.
Currently, there are several approaches for implementing a colorless transmitter according
to the network requirements (speed, distance range, and spectrum usage efficiency), how-
ever, the most common approaches can be classified according to the following 4 categories:
(1) Based on Tunable Laser diodes (TLD), (2) Based on Reflective Semiconductor Optical
Amplifiers (RSOA), (3) Based on Electro-Absorption Modulators (EAM), and (4) Based on
Fabry-Perot Laser Diodes (FPLD). Nevertheless, even considering the recent advances, the
colorless transmitter based on TLDs or EAMs are still considering high-cost solutions to
be implemented in optical access networks. Besides, although the RSOA case is considered
one of the best solutions for the deployment of low-cost and spectral efficient WDM net-
works, devices to ensure this low-cost condition have not been commercialized yet. Finally,
the FPLDs are low-cost devices (usually two digits) that are available in the market and
although their emission spectra are limited by the longitudinal modes in the cavity, these
can be customized to be useful for applications in optical communications, making them a
suitable option to deploy low-cost colorless WDM-PON systems.

Thereby, in this work, we propose and numerically analyze a colorless transmitter based
on a Fabry-Perot Laser Diode (FPLD) with an emission wavelength that is externally tuned
using an ASE optical carrier. The Fabry-Perot based colorless transmitter is designed to
support 100 GHz spaced longitudinal modes with a central wavelength of 1552.525 nm.
Furthermore, we analyze the cavity’s end-facets reflectivity, to determine a FPLD’s config-
uration that allows a good trade-off between the injection power requirement for seeding
the emission wavelength with at least 30 dB Side Mode Suppression Ratio (SMSR) and the
source chirp. Finally, we analyze the transmission performance of the colorless transmitter
in a PON with the following configuration: Transmission distances up to 100 km, seeding
carrier with a 3 dB bandwidth of 12.5 GHz, 25 GHz, and 50 GHz, and two optical chan-
nels spaced each other 400 GHz: (1) 1552.525 nm (central mode), and (2) 1550.125 nm.
Moreover, for all cases was used a Return to Zero (NRZ) modulation format at 2.5 Gbps



bit rate. The results show that reflectivities of 10 % and 90 % for the front-facet and end-
facet, respectively, allows a good trade-off between the injection power requirement and the
transmission performance, achieving SMSR above 30 dB for injection powers below to 300
pW and error-free transmissions (BER  107?) for distances over 25 km. These results can
only be achieved if the optical carrier used to seed the FPLD has a 3-dB bandwidth that
is a fraction of the longitudinal mode spacing and the bias current is below 60 mA. Thus,
in our case, for longitudinal modes spaced 100 GHz, the 3-dB bandwidth of this optical
carrier must be less than 25 GHz. Furthermore, a comparison between the performance
of the designed colorless transmitter and a commercial FPLD showed that our laser allows
tuning at least 8 longitudinal modes with an SMSR of 30 dB, using one third of the power
required by a commercial FPLD. Moreover, if we use a 300 uW seeding carrier to tune the
commercial FPLD, it is not possible to achieve error-free transmission for the longitudinal
modes far from the central.

Hence, the proposed colorless source can be a suitable low-cost solution to implement
optical access networks. Furthermore, if the bias current is set at a value between 35 mA
(above the threshold current) and 60 mA, it is possible to guarantee an SMSR of 30 dB for
at least 13 longitudinal modes, i.e., it is possible to obtain a WDM-PON system with at
least 13 optical carriers.

Additionally, in order to improve the colorless transmitter performance, coherent type-
sources such as Laser Diodes can be used as seeding source not only to reduce the ASE noise
in the resulting optical carrier, but also to transmit information in a carrier reuse scheme.
However, laser diodes typically present a narrow bandwidth spectrum, therefore it would be
necessary to have a different laser diode for each longitudinal mode to be tuned in the FPLD.
Therefore, to use Ultra Short Pulsed Lasers (USPL) as seeding sources in colorless WDM-
PON system can a suitable option not only for its wide spectrum, but also due to its high
stability and coherence. Hence, we experimentally design a USPL based on optical fiber a
graphene saturable absorber that emits in the spectral region around 1558 nm, and presents
a 3-dB bandwidth up to 21 nm, which is adequate for WDM applications. Furthermore,
using experimental data from the USPL spectrum and introducing them into a simulated
network using the software VPItransmissionMaker ™, we demonstrate that it is possible to
use the USPL as a multi-wavelength source, for transmitting information in a WDM-PON
system. Therefore, we propose as a future work the use of a USPL as a seeding source in
colorless WDM-PON system with and without carrier reuse.
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Chapter 1

Introduction

1.1 Context and motivation

In the last 25 years, the data traffic on the networks has presented an exponential growth
which in terms of capacity, it has been a constant challenge for the telecommunications
industry [1]. It is considered that there are two main causes of this increase in data traffic:
1) the increase in broadband services, such as high-definition video transmission, and 2) the
growing number of users and devices connected to the Internet (driven by the Internet of
Things and the development of G5 technologies). In addition, according to the CISCO global
forecast, the number of devices connected to the Internet is expected to increase to about
29.3 billion by 2023 (more than three times the world’s population) [2]. Therefore, adapting
and expanding current communication systems or investigating new communication plans,
in which user devices support and adapt to large amounts of traffic, is an imminent necessity
if the network capacity demands of future technologies are to be fulfilled.

Thus, In order to satisfy the exponential increase of data traffic demand, the implementa-
tion of Passive-Optical-Network (PON) in an access level has been considered as a promising
solution mainly due to its high bandwidth [3,4]. Thus, PONs are telecommunication tech-
nologies for point-to-multipoint broadband access over an optical network infrastructure
characterized to have low power consumption, a low implementation cost, and a coverage
range of several tens of kilometers [5]. The operation of a PON-system can summarize as fol-
lows: (1) An Optical Line Terminal (OLT) located at the operator’s central office transmits
the DownStream (DS) data to multiple Optical Network Units (ONUs) at the customer’s
premises through an optical distribution network consisting only of passive elements such as
beam splitters, circulators, dispersion compensation fiber and attenuators. The user’s ONU
sends the UpStream (US) information to the OLT side using the media access technique
imposed by the operator. In addition, these media access techniques, in general terms, are
defined according to the speed requirements of the network and the operating window, i.e.,
the wavelength range in which the network operates.

Thus, the Table 1.1 summarized the evolution of the international standards in Passive
Optical Networks (PON) along the time in terms of transmission rate and the wavelength
allocation [6-10]. In this table is evidenced two important facts: (1) The demand on network
capacity is growing every year, not only for the DS channel, but also for US, noting the
necessity of symmetrical configuration in the optical access network. (2) There are several
approaches to the implementation of a PON system which, from a commercial approach, can
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Table 1.1. International standards for Passive Optical networks over the time
Standard | Year | Media Access | DS [Gbps] | US [Gbps] \]R:;z;velegths [IIIJ_HSI]
BPON 2001 | TDM -Based 0.625 0.155 | 1490 - 1500 | 1300 - 1310
EPON 2004 | TDM -Based 1.25 1.25 | 1490 - 1500 | 1260 - 1360
GPON 2004 | TDM -Based 2.5 1.25 | 1490 - 1500 | 1260 - 1360
XG-PON | 2009 | TDM -Based 10 2.5 | 1260 - 1280 | 1575 - 1580
TDM-WDM 40 (4 \) 10 | 1524 - 1544 | 1596 - 1603
NG-PON2 | 2015 55w 10 (8 ) 10 [ 1524 - 1624 | 524 - 1624
XGS-PON | 2016 TDM-based 10 10 | 1260 - 1280 | 1570 - 1580

be classified into two general groups according to the media access control technique used in
the network deployment. These are, (i) Time-Division-Multiplexing (TDM) Passive Optical
Networks (which includes Asynchronous TDM and statistical TDM), and (ii) Wavelength
Division Multiplexing (WMD) Passive Optical Networks [7, 11, 12].

1.1.1 TDM-based PONs

The Figure 1.1 shows a general operation scheme of TDM-based PON. In this type of optical
network, the OLT broadcasts the DownString data over the user’s ONU using a single optical
carrier A\, usually in a spectral region with zero or low dispersion, and different time slots
T, for each user. Then, using a different wavelength regarding the DS data, each ONU
transmit the UpString signal in the assigned time slot [6,11]. In addition, to ensure that no
time slot is wasted in case a user does not transmit information on its assigned slot, TDM-
based systems propose statistical multiplexing, which provides improved link utilization by
avoiding fixed allocation of time slots for data transmission and introducing asynchronicity
in communication.

TDM-PON is the most widely deployed architecture for optical access networks worldwide
[6, 13] due to its several advantages such as the statistical multiplexing gain, low-latency and
simplicity [6,13]. However, considering the capacity demand of the incoming technologies
as bG, TDM-based optical networks present several drawbacks, mainly when working with
noncoherent sensing optical systems: the bit rate is limited by the switching speed of the

ONUs
Tn T
Central Office Tii00! (o0l —
—’ q
11100 v
oLT Optical Fiber g —— 1 Txi
Transmitter ! .
|
e ™
o e | n1100! 0011 Rxn
Receiver | A
1101107} Tw =

Figure 1.1. TDM-PON operation scheme
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Figure 1.2. WMD-PON operation scheme

electronic devices modulating the optical carrier, which reaches its limit around 40 GHz [14].
In addition, because TDM systems propose to use a single optical carrier for all customers,
optical fiber dispersion effects and polarization mode dispersion (PMD) will penalize the
network performance proportionally to the increase of the system’s modulation rate [15]

These drawbacks make the TDM-PON architecture not very attractive, especially when
considering that access networks must be scalable in capacity. Thus, although it is possible
to overcome the capacity limitations of TDM architecture by using multilevel modulation
formats, it would be increasing the cost of operation because the reception schemes become
more complex.

1.1.2 WDM-based PONs

In the case of WDM-PON, the information channels are separated using optical carriers with
different wavelengths: Each ONU is assigned its own dedicated wavelength channel, forming
a logical point-to-point system as is showed in the Figure 1.2 [16]. In order to share the
same physical medium (optical fiber), an optical multiplexer/demultiplexer (MUX/DEMUX)
device used to direct the information from all transmitters to the same Single Mode Fiber
(SMF). Then, in the Remote Node (RN), an optical MUX/DEMUX is assigned to separate
the wavelengths that travel together along the fiber, and send them to their respective optical
receivers.

In contrast to TDM systems operating around 1310 nm, where fiber dispersion is very
low, WDM-PON was designed to operate in the range between 1535 nm and 1565 nm (c
-band), where the optical losses are low (j0.5 db/km) but dispersion presents a considerable
value: 16 ps/nm.km. Thereby, due to in PON networks no device is used to perform a type
of signal processing to compensate the signal’s distortion introduced in the light propagation
along the optical fiber, the range of a PON-PON system is limited to 2 factors: (1) the power
losses (attenuation in the fiber + insertion losses), and (2) dispersive phenomena associated
with light propagation in optical fibers, such as group delay, polarization mode dispersion,
chirp, etc.

In the first case, it is possible to know the distance limitations imposed by power loss by
calculating a power budget. In the case of a PON-WDM system, three parameters need to
be taken into account for the power budget: (i) The attenuation factor of an optical fiber in
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the spectral region around 1550 nm. (ii) The insertion losses due to passive elements such
as connector, beam splitters and MUX/DEMUX. (iii) The minimum power requirement of
an optical receiver needs to operate reliably with a Bit Error Rate (BER) below a specified
value, which is proportional to the square bit rate B [15]. Thus, the general idea is that
the power of the optical transmitter exceeds the sum of the optical losses considered below.
This power requirement is expressed in logarithmic scale in the equation 1.1, where, Prp, is
the output power of the optical transmitter, Pg,(B) is the power requirement of the optical
receiver for a target BER, «(\) represent the f attenuation factor of the optical fiber a
wavelength function, L is the fiber length, and IL is a factor that considers all insertion
losses in the link.

Pry > Pr.(B)+a(AN)L+ 1L (1.1)

In the second case, there are several dispersive effects that can reduce the network trans-
mission performance. However, one that should always be considered when operating in a
spectral band around 1550 nm is the Group Velocity Dispersion (GVD), This phenomenon
occurs because the spectral frequencies that make up an optical pulse travel at different
speeds through the optical fiber. Thus, w spectral component arrives at the fiber’s output
with a time delay 7' = L/V,, where L is the fiber length and V} is the group velocity. which
is defined as V, = (df/dw) "

Since the propagation constant 5 is a frequency-dependent parameter, so V; will also be
a frequency-dependent function, and this frequency dependence leads to pulse broadening
simply because different spectral components of the pulse disperse during propagation and
do not arrive simultaneously at the fiber output [15]. Thereby, for a spectral width of the
pulse Aw, the extent of pulse broadening along the fiber length L, is given by the equation
1.2. Where 3, = d*$/dw? is known as the GVD parameter.

dr d (L d*s
AT = —Aw=— (=) Aw=L—-SAw = LBA 1.2
do =" dw (Vg) “ dw? " fatrw, (1.2)
In order to express AT in terms of the range of wavelengths A\ emitted by the optical
source, we use w = 27¢/\ and Aw = —(2mc/A?)A), so the equation 1.2 can be written as:
d (L
AT =L— (=) =DLAX 1.
5 () , (13)

Where, D is the known dispersion parameter, which takes into account two different
dispersive phenomena: Material scattering and waveguide scattering. Material dispersion
occurs because of the refractive index of silica (the material used to build up the optical
fiber) changes with the optical frequency w. On the other hand, the waveguide dispersion
is related to the difference of refractive index between the core and cladding of the optical
fiber. As an optical pulse does not propagate only in the fiber core: a fraction of the pulse
goes out to the cladding (evanescent field), different parts of the optical pulse will travel
with a different phase velocity, which will modify the group velocity of the pulse resulting in
chromatic dispersion [17]. The dispersion parameter D can be calculated using the equation
1.4 and usually is present in units ps/nm — km. Additionally, a Standard Single Mode Fiber
(SSMF) present a dispersion parameter about 16 ps/nm-km for a wavelength of 1550 nm.
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d (L 27ce
p-4 (7) - -2, (1.4)

Up to this point, it is clear that the dependence of group velocity and emission frequency
causes a broadening of the optical pulses traveling along the fiber, mainly in the case where
the bandwidth of the source A\ is wide. Thereby, the effect of dispersion on the bit rate B
can be the time-bandwidth BATproduct as follows:

BL|D|AX < A (1.5)

The Equation 1.5 relates the maximum length L that the optical fiber can have when
using a laser with spectral width A modulated at a bit rate B, in a medium with a dispersion
parameter D()\) that depends on the wavelength. According to this equation, the product
of these 4 quantities must be less than a constant factor A, which indicates how much a
pulse stays within its bit time as it scatters along the optical fiber [15]. Generally A takes
values between 0.25 and 1, where 1 is the limit value at which two pulses start to interfere
at a distance L.

Moreover, there are other factors that can produce temporal broadening in the pulses and
penalize the network performance, such as: (1) PMD, which occurs due to fiber birefringence
causing two orthogonality polarized components to travel with different group velocities. (2)
Time dependence of the instantaneous frequency of an optical pulse (chirp) that affects the
pulse shape at the fiber output due to it induces a spectral broadening, which according
to equation 1.2, increases the pulse width. This phenomenon is mainly considerable when
direct modulation is applied to an optical source, and is due to the instantaneous changes in
the refractive index that occur from varying the carrier density (varying the electric current
modifies the carrier density) [15].

However, due to it is possible to mitigate these dispersive effects at least for the distances
established by international standards (< 25 km), to operate in a spectral region with nonzero
dispersion is not the main drawback for WDM-Based access optical networks. The main
problem is that the implementation cost of an optical system, where each user has an optical
transmitter with different wavelengths, is very high to be considered in the access level
[4]. Thereby, although WDM-based system has been considered as a promising solution for
the high capacity demand expected in the next generation networks, the lack of low-cost
optical sources and fixed wavelength assignment (which increasing the inventory cost and
the network’s deployment complexity), make this solution unfeasible in terms of cost-benefit
[18].

1.2 Colorless Networks

To overcome the problem associated with the high cost of implementation of WDM-PON
systems, it has been proposed to use colorless sources as optical transmitters. Mostly, the
colorless transmitters are devices that act as tunable lasers whose emission wavelength is
externally tuned, either by a control signal which indicates the laser’s emission frequency, or
by an external carrier that induces a mode-locking in a laser’s optical cavity [19]. Thus, the
main idea of the colorless technology is to reduce the inventory, operation, and maintenance
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cost in WDM-based networks by the implementation of universal transmitter devices (mainly
at the end-user side) with flexible wavelength assignment [18].

1.3 State Of The Art

There are different approaches to implement colorless-WDM-PON, which can be catego-
rized according to the optical device used to deploy the colorless transmitter[19,20]. The
most commonly approaches are the Colorless networks based on: (1) Tunable Laser diodes
(TLD) [21-23], (2) Reflective Semiconductor Optical Amplifier (RSOA) [24-26], (3) Electro-
Absorption Modulator (EAM) [19,27,28], and (4) Fabry-Perot Laser Diodes (FPLD) [18,
29, 30].

The figure 1.3a shows a Colorless-WDM-PON system based on TLD. TLDs can be con-
sidered the best option in terms of capacity and spectral efficiency due to the fact that, in
general, TLDs allow large modulation bandwidths (typically around of 10 GHz) and almost
free wavelength tuning (limited by the tuning technique) in a wide spectral range: around to
80 nm. However, even taking into account the recent tunable vertical surface cavity lasers,
TLDs are still a very high-cost solution and their application in access networks is not cost-
effective [21,25]. The EAM-based colorless approach uses a carrier remodulation scheme to
achieve a colorless performance, i.e., its emission wavelength is seeded by the optical trans-
mitter in the central office side as is shown in the figure 1.3b [27,28]. However, even the EAM
has a large modulation bandwidth (>10 GHz), this device is still high cost, and because the
remodulation process is usually done with less than 20 % of the received power, it needs to
be combined with an optical amplifier, which increases the network’s deployment cost. On
the other hand, As is shown in the figure 1.3¢, RSOA-based Colorless networks can also work
using a remodulation scheme, but in this case no external optical amplifier is needed: The
RSOA itself works as a low-cost optical amplifier which gain that can be modulated by the
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information signal. Thus, even the RSOAs presents a relative low modulation bandwidth in
comparison with the TLDs and EAMs (Typically around of 2 GHz), it can be considered as
one of the best solutions for the deployment of low-cost and spectral efficient WDM-based
networks. Nevertheless, devices to ensure this low-cost condition imposed by the WDM-
PON system have not been commercialized yet [19]. Finally, the FPLDs are devices with
a relatively low modulation bandwidth (typically of 2 GHz) that can be externally tuned
using an optical carrier generated by an Amplified Spontaneous Emitting (ASE) source (See
the figure 1.3d), do not need external amplification and are commercially available low-cost
devices. The main drawbacks of the FPLD-based co FPLD emission spectrum are limited
by the periodic losses in the resonant cavity: Only a certain wavelength, usually knows as
longitudinal modes, can be emitted. However, longitudinal modes in a Fabry-Perot type
cavity can be customized for applications in optical communications according to ITU-T
G.694.1 standard for WDM grid, making the FPLDs a suitable option to deploy colorless
WDM-PON systems.

Research question

What type of optical parameters should be optimized in the design of a Fabry-Perot Laser
Diode Cavity, in order to achieve a Side Mode Suppression Ratio (SMSR) of 30 dB o highest,
and improve its performance as a colorless transmitter in access optical networks standard-
ized according to the ITU-T G.694.17

1.4 Goals

General Goal

Design in simulation, based on a Fabry-Perot Laser Diode cavity, an optical colorless trans-
mitter for applications in WDM-PON Access networks

Specific Goals

e Design a Fabry-Perot Laser Diode Cavity with longitudinal modes spaced according
to the ITU-T G.694.1 standard for WDM grids

e Validate in simulation the behavior of the designed Fabry-Perot using an external
wavelength seeding approach, and verify its performance as colorless based on the
SMSR measurements

e Numerically analyze the transmission performance of the designed Colorless transmit-
ter and Fabry-Perot with commercial features, comparing the BER achieved for both
cases as a function of optical link parameters, such as: link length, number of channels
and transmission rate.

1.5 Research Impact

This research discusses key issues for the development of future telecommunication networks.
First, a recent paradigm known as colorless optical networks, which emerges as a proposal
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to overcome the exponential increase in the demand for data traffic, is addressed. The
introduction of colorless networks will allow the standardization of flex-grid and gridless,
which in comparison with the current standard for WDM (fixed grids), it allows an efficient
spectrum usage. Thus, not only reduces the cost of WDM-based networks by introducing
universal transmitters, but also increases capacity due to better spectrum utilization, without
significantly increasing power consumption. Furthermore, the implementation of colorless
networks can contribute to the development of new telecommunications services that benefit
society, increasing the reach and capacity of access networks (greater coverage and better
quality of service for the user).

On the other hand, from a methodological approach, this project proposes a colorless
font design based on FPLD, through the specialized use of VPITransmissionMaker software.
Additionally, the studies that will be conducted about the design of Fabry-Perot cavities,
may be useful to determine those fundamental elements that can improve the performance
of the colorless transmitter based on FPLD.

Finally, we design and experimentally validate an Ultra Short Pulsed laser (USPL) based
on optical fiber and graphene, which could be used to perform the external wavelength
seeding even in carrier reuse colorless systems. These types of sources are not only more
stable and more coherent than ASE sources, but they also improve the coupling to fiber
systems, specialized rooms for manufacturing (i.e. clean rooms), so, their manufacturing
might be simple. It should be noted that the design of this source is opening a new possibility
both for improving the performance of colorless WDM-PON systems in terms of transmission,
as well as in the implementation of low-cost WDM networks. Because of this, focusing our

future efforts on the experimental implementation of a multiwavelength source in a colorless
WDM-PON system would be worthwhile.



Chapter 2

Fabry-Perot Laser Diode

This section describes the Fabry-Perot cavity design considerations to implement it as a low-
cost colorless transmitter in a WDM-PON system standardized according to I'TU-T G.694.1,
as well as the theoretical background used to model and simulate light propagation in the
FPLD resonant cavity.

2.1 Fabry-Perot Laser as colorless transmitter

An FPLD is a multi-wavelength source composed of a gain medium, such as a semiconductor
hetero-structure, embedded in a resonant cavity of length L and end-facet reflectivities R;
and Ry, as shown in Fig. 2.1a. This type of structure has boundary conditions that allow the
emission only for wavelengths that correspond to a round-trip phase shift inside the cavity.
These emission wavelengths, usually known as longitudinal modes, are not emitted at the
same time inside the cavity when the FPLD is in typical operation regime: the laser exhibits
sudden jumps of optical frequency, which are associated with transitions between different
modes of its resonant [31]. This is an undesirable feature for an optical transmitter because
the same signal will be able to travel in the different frequencies of the longitudinal modes,
causing 2 main drawbacks: (1) Dispersion-induced distortions due to the same time-domain
signal traveling in several wavelengths. (2) Signal deformations due to the optical filters used
to select the channel in the remote node of a WDM system can spectrally suppress part of
the signal.

We can avoid this limitation imposed by the FPLD emission spectrum, since it is possible

Cavity Length.- Longitudinal N
¢ modes Ne—
,, Gain curve
Ri // \\\
Sutputsign?! — pront-Facet R e viViwi el >

(a) (b)

Figure 2.1. Semiconductor Fabry-Perot Laser Diode. a) Cavity Structure. b) Emission
spectrum (ideal parabolic shape)
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Figure 2.2. Longitudinal Modes in a FPLD. a) Free-runing operation. b) Tuning a
longitudinal mode using an external optical carrier.

to tune a single longitudinal mode using an external optical carrier. In this process, known as
carrier seeding or mode locking (depending on the accuracy), the FPLD (the slave source)
acts as an amplifier for an optical carrier generate in the seeding source [32,33]. If the
optical frequency of the seeded light is close enough to the resonant frequency of a particular
longitudinal mode in the FPLD’s cativity, that mode can start oscillating with a much higher
power than all competing modes, and thus can strongly dominate in the output pulse, as
is showed in the 2.2b [33]. In this way, the emission bandwidth is considerable reduced
regarding unseeded (free-running) FPLD. Additionally, the temporal profile of the pulse can
be smoother, because mode beating is avoided. Besides, other conditions must be fulfilled to
perform a correct wavelength tuning in the Fabry-Perot cavity, i.e., to achieve an extinction
ratio between the tuned mode and the lateral modes, such that these can be considered
noise. The most important conditions (in addition to the wavelength match between the
longitudinal mode and the external carrier), are mentioned below: 1) The bandwidth of this
optical carrier must not exceed a fraction of the mode spacing, and 2) the power of this
injected carrier must be high enough to overcome the spontaneous emission into the laser’s
cavity [33].

2.1.1 Longitudinal modes spacing and linewidth

Before to fulfill the conditions mentioned above, it is necessary to adjust the longitudinal
modes spacing to match the ITU-T G.694.1 recommendations for the channel spacing in
PONs. However, For this, it is first necessary to understand how the longitudinal modes are
formed into the FPLD cavity.

A simple way to understand the longitudinal modes formation into a FPLD is to consider
the evolution of a plane-wave propagating along the resonant cavity during a round trip. It
should be kept in mind that laser modes are never plane waves; spatial variations must be
taken into account in a more realistic model. However, this approach is a practical way
to understand the essential physics of the lasing process [31]. First, consider a plane wave
propagating in the positive z direction of a medium (The FPLD) that are conveniently
described by a refraction index n and an absorption coefficient a(A) (includes free-carrier
absorption, scattering, and other possible mechanisms) as is showed in the equation 2.1.
Where Ej is constant amplitude and k(n, \) = 27n/X is wave number.

E = Eoe(ik(n,)\)—a()\))z (21)

On the other hand, a necessary condition for laser operation is that the gain medium of
the FPLD is dominated by stimulated emission. When this condition is fulfilled, the active



16 2.1. Fabry-Perot Laser as colorless transmitter

Prain », Gain
Longitudinal
modes
Loss .-~
- =
¥ v

Av

y
A

N
N
<
p mp— i N
J- — — — = — =
7
.
.
.,

HH >
v

Figure 2.3. Longitudinal modes formation in a Fabry-Perot Laser Diode
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media exhibit an optical gain, and therefore an input signal propagating inside the active
layer would then amplify as e9?, where ¢ as usually known as the gain coefficient. However,
the optical gain alone it is not enough to guarantee the laser operation: it is necessary to
introduce an optical feedback that converts the amplifier behavior of the gain medium in an
optical oscillator. This feedback is usually achieved placing the gain medium between mirrors
(external o or only the cleaved end-facets). Additionally, It is necessary to note, that g is
not the material gain g,,. Since the optical mode extends beyond the active layer while the
gain exists only inside it, the gain coefficient becomes g = I'g,,,, where I" is the confinement
factor of the active region and represents the fraction of the mode energy contained in the
active region.

Consequently, if we consider a resonant-cavity of length L, and end-facets with reflectivity
Ry and R,, during each round-trip in the cavity, the photon-flux density is increased by a
factor of exp((g/2) (2L), reduced in v/ Ry Ry exp(—a(A)/2(2L)) and the phase changes by 2k L
[15]. Moreover, in order to build up the photon population and obtain a laser operation, it is
necessary that the optical field described in the equation 2.1 reproduce itself after each round
trip under steady-state operation conditions (a Continuous Wave regimen). This behavior
occurs when the pumping current reaches a certain threshold where the photon population
causes the cavity gain to be higher than the cavity losses. Thereby, this threshold condition
can be expressed as follows [15, 31]:

EgegL /RlR2€—aint()\)L€2ik(nv)‘)L — EO (22)

Taking k = 2mnv/c, where v is the emission frequency, and by equating the phase and
the amplitude on two sides:

2kL =2mm  or v =uv, =mc/2nL (2.3)

gL — qipe(N) L +1In(v/R1Ry) =0 (2.4)

The phase condition in equation 2.3 shows that an FPLD cannot emit freely in all regions
of the spectrum, as is showed in the Figure 2.3; the laser frequency v must match one
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frequency of the set v,,, where m is an integer number. It is therefore understood that
longitudinal modes spacing Av can be calculated as a function of the optical length, nL
such that Av = (v, — vim—1) = ¢/2nL [15]. However, this equation would only be correct
if there were no dependence between refractive index and frequency. This dependence on
frequency can be taken into account by using the group index n, instead of the refractive
index alone, whereby the expression for calculating the mode spacing becomes as follows:

o
N 2ngL

Av(ng, L) ng =n + w( (2.5)

)

To calculate the cavity length first it is necessary to consider the material to be used as
a gain medium. For applications in optical networks, Indium gallium Arsenide phosphide
(InGaAsP) can be considered a useful option for two reasons: (1) It presents a direct band-
gap that allows an electronic inter-band transition without the need to interact with the
crystal lattice (via phonons). (2) The energy of the band-gab determines the wavelengths
of laser emission, and calculating this value as a function of the amount of each component
is well known for this material [31]. For example, at emission wavelengths around the
center of C-Band for optical communications such as 1552.525 nm, the band gap energy of
In,Ga,_,As,P,_, lattice matched to InP can be calculated according to the equation 2.6

[31].
E, =1.35— 072y + 0.12y>, (2.6)

Here, The fractions x and y selected arbitrary, but are related by x/y = 0.45 to ensure
matching of the lattice constant. In this way, for an Arsenic (As) fraction y = 0.9, the band
gap energy take a value of 0.8 eV, a suitable choice for a Laser diode with an emission around
1552 nm. additionally, the group index of this material is about of 3.7 in A = 1552.525 nm.
hence, if we consider a WDM-PON system with channels spacing at 100 GHz and use as
gain medium InGaAsP with the conditions mentioned above, the cavity of the FPLD must
be 405.125 p m length.

On the other hand, the cavity length not only determines the channel spacing of the WDM
system, but also affects the line-width of the longitudinal modes, and therefore imposes a
threshold for the 3-dB bandwidth of the wavelength seeding carrier to achieve a target
SMSR. This behavior can be evidenced from the Finesse of an optical resonator, which
is defined as the free spectral range Av divided by the 3-dB bandwidth of the resonances
of an optical resonator dv [17]. Besides, Flinesse is a consequence of the periodical losses
that the material’s absorption and the cavity’s end facets induces of each round trip in the
optical resonator, and its value depends on these losses. Thus, if the cavity’s losses remains
an almost fixed value, it can be noted from the equation 2.7 that the 3-dB line-width of
each mode is proportional to Av. Thus, the smaller the separation between the longitudinal
modes, the smaller the line-width of the modes will have to be in order to be emitted without
overlapping.

Av(n, L) Sy — Av(n, L)

2.7
ov Finesse (2.7)

Finesse =
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2.1.2 End facets reflectivity

Other important feature for taking into account in the design of the FPLD-based colorless
transmitter is the reflectivity value of cavity end-facets. This reflectivity vale have direct
impact in the strength of the feedback process, in the photon density, and therefore in the
amplification level of the longitudinal modes into the resonant-cavity [34].

A simple approximation to understand the reflecitivy impact over the FPLD, it is to
consider the amplitude side of the equation 2.2. This equation allow us to obtain the laser
threshold condition in terms of the absorption parameter a(\), the cavity length L and the
reflectivity of the cavity’s end-facets Ry and Rs, such that:

1
RiRy

1
g()\, Rl, RQ, L) = Oéimg(/\) + — ln(

5T ) (2.8)

Thereby, from the equation 2.8 it can be seen that variations in the reflectivity of one
end-facet of the cavity induce changes in the gain threshold. Thus, due to the losses of the
active laser medium are function of frequency, high reflectivity values will cause that, in a
steady state operation, the emission of the longitudinal modes located around the peak gain
of the material will predominate while the other modes will be extinguished due to them gain
do not exceed the cavity losses. However, for a colorless approach, an emission spectrum
limited only to this high-gain modes is an undesirable feature: few emission modes imply a
narrower injection-locking range, which would limit the number of possibles optical carriers
and therefore the network’s scalability. Thus, for solving this problem, a colorless transmitter
that uses a Fabry-Perot resonant cavity with a low-reflective front-facet was proposed [18, 35—
37]. In this configuration, not only the FPLD emission spectrum is broadened due to the
weak-resonant condition, improving the flexibility in the mode selection, but also the power
requirement to start the mode-locking is decreased.

The main drawback of these propose is that decreasing the reflectivity of the cavity may
cause a decrease in laser coherence, an increase in temporal frequency fluctuations (chirp),
and therefore a penalty in transmission performance due to the pulse broadening induces by
this phenomenon. Thus, it is necessary to study a cavity configuration that provides an ad-
equate trade-off between injection power requirement and transmission performance, which
is penalized by the dispersives phenomena such as chirp. A simulation scenario is proposed
in chapter 4 with the objective of determining a suitable trade-off between transmission
performance and injection power requirement.

2.1.3 Confinement Factor

The confinement factor has an important role in cavity design since its value not only affects
the laser threshold condition, but also affects the density of photons carrier density in the
active layer[38]. Thus, due to the introduction of variations in photon density changes
the carrier population, the mode refractive index is also affected, so the central emission
wavelength will undergo a shift depending on the direction of change (carrier enhancement
or carrier depletion)[15].

As mentioned in 2.1.2, the confinement factor of the active region represents the fraction
of the mode energy contained in the active region. This means that the heterostructure of
a semiconductor laser exhibits waveguide behavior, where the doped materials sandwiching
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the active layer act as the waveguide cladding. Whereby, to calculate the confinement factor
it is necessary to considers the transverse and lateral modes specifying the field distribu-
tion in the direction perpendicular and parallel to the junction plane of the semiconductor
laser, respectively [15,17]. This mechanism is often referred to as index guiding, since the
refractive-index discontinuity between the active and cladding layers is responsible for the
mode confinement through the total internal reflection occurring at the interface. However,
field confinement in the lateral direction, which is parallel to the junction plane, is not always
due to index guiding. Semiconductor lasers can be classified as gain-guided or index-guided,
depending on whether it is the lateral variation of the optical gain or the refractive index that
confines the mode [15,17]. Thus, it is possible to define a confinement factor for the trans-
verse modes I'r , and a second one for the longitudinal modes I';, so that the confinement
factor I' can be calculated as:

=TI, (2.9)

The confinement factor for the transverse modes I'y can be calculated, according to the
equation 2.10, as a function of the active layer thickness d, the refractive index of the active
layer n1, the refractive index of the waveguide cladding, and the emission wavelength.

I'r = D*/(2+ D?) (2.10)

Where D is the normalized waveguide thickness, and can be calculated as follows:

It should be noted that this expression is only valid when the fundamental mode is
propagating. However, it is possible to fulfill this condition if the cavity thickness is chosen
such that:

d< %(ng —n?)1/? (2.12)

The Figure 2.4 shows the confinement factor I'r as a function of the active region thickness
d. Besides, to calculate 'y InGaAsP with different doping percentages were considered
for the active layer and Indium Phosphide (InP) with refractive index n; = 3.1646 were
considered for the waveguide cladding. Finally, 1552.525 nm was considered as emission
wavelength.
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Figure 2.4. Transverse confinement factor for the fundamental TE mode.

On the other hand, The confinement factor for the longitudinal modes 'y can be calcu-
lated as a function of the active layer width w, the effective index n.(x), and the emission
wavelength A. Nevertheless, The lateral-mode behavior in semiconductor lasers is different
depending on whether gain guiding or index guiding is used to confine the lateral modes. In
a gain-guided device, n.(z) is a constant given by [31]:

ne = n% + FT((ng — nf)) (2.13)

By contrast, in an index-guided device, structural lateral variations are used to make
ne(x) larger in a central region of width w. In these cases n.(z) can be expressed in two
separated regions width refractive index n?* and n2"* such that:

n () = {né” if |z] <w/2. (2.14)

n2“  otherwise.

For this analysis, we are going to consider a strongly-guide-index device, in which the
refractive index is a function of position along the active layer width w. Thus, the lateral
confinement factor can be calculated as follows:

Lr 2 W?/(24+W?) (2.15)

where W is the normalized waveguide width, defined in the equation 2.16 as follows

W = kowy/ (ni")? — (ngt)?) (2.16)

As in the case of the transverse mode, the equation, 2.15, is only valid for the propagation
of the lowest order lateral mode. Hence, to ensure that only the fundamental mode propa-
gates in the laser cavity, the waveguide width must be calculated according to the equation
2.17. Where n, and Any = n — n2" the average effective index and the lateral effective
index, respectively.

w < N/ (8m.Any)'? (2.17)
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~Y

Finally, For typically used values w = 2um, I'y, = 1, therefore I'r can be used for
confinement factor I'.

2.2 Numerical Methods

This section describes the theoretical models used to simulate the light propagation inside
a resonant cavity such as a Fabry-Perot Laser Diode, and numerically analyze the injection
seeding process taking into account several phenomena as cavity reflectivity, the carriers’
dynamics (rate equations), photon’s dynamics, stimulated emission, spontaneous emission,
and electro-absorption.

2.2.1 Photonic Transmission-Line Model

The Photonic Transmission-Line Model (TLM) is an approach used for simulations of multi-
section semiconductor devices with a built-in optical waveguide made from either a bulk
or multiquantum well active medium. This Photonics TLM approach is based on the
transmission-line matrix/modeling method, originally developed by P.B. Johns and R.L.
Beurle for the analysis of resonances in microwave cavities and then applied to a multitude
of other problems [39,40]. However, in this work are considered enhancement of this TLM
model proposed in [39]. This new approach, known as Photonics TLM, is an extension of
the Transmission-Line Laser Model (TLLM) that has been developed since 1985 by A.J.
Lowery and his colleagues [38,41-47]. Additionally, all the models mentioned below have
been included in the VPIPhotonics Desing Suite (C)simulation software, making it a viable
option to numerically analyze the behavior of the FPLD.

The TLM method exposed in [39], considers that both, space and time are discretized with
a timestep 0t and a spatial step Az = Atv, where v is the group velocity of signal propagation
in the modeled medium. The nodes obtained after such spatial discretization are considered
as lumped “scattering nodes” interconnected by “transmission lines” without losses. This
way, all transmission lines present a signal delay of one timestep, which allows performing
calculations at each scattering node independently of each other, just using information
coming from of adjacent nodes (in the previous iteration).

On the other hand, in the Photonic TLM approach, the spatial discretization is confined
to only the dimension along the built-in waveguide of the modeled semiconductor device.
In this case, the semiconductor device is divided in k£ section according to the parts that
constitute it (active, passive o electrical controlled). As shown in the Figure 2.5 Each device
section k is divided in a group of small TLM sections with size Az = cAt/ng, where ¢
is the speed of light in vacuum and n; is the group refractive index of the modeled device
section. Thus, each TLM section contains a scattering node representing the gain (stimulated
emission), loss (scattering and absorption), noise (spontaneous emission) and grating-induced
reflection that optical waves experience while passing through the section. The information
calculated in each TLM section (the output) is used as an input field in the adjacent TLM
section. This information is transmitted through the transmission lines, which also take into
account the propagation delay of the waveguide. However, this information is not generated
in a single direction: During the “scattering” step, the Photonics TLM method generates
outgoing forward and backward propagating optical wave Er,, and Ep ,, respectively. Then,
at each “scattering node” (TLM section) are used to calculate the corresponding outgoing
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Figure 2.5. Transmission-Line Model for a semiconductor laser.Note that each
semiconductor device can comprise several device sections (indexed by k), each of which is
composed of many small TLM sections (indexed by m) [48]

forward and backward propagating optical waves, at the same node (See bottom section in

the Figure 2.5). For these calculations, it is necessary to use the scatting matrix approach:
operation detailed in [49].

2.2.2 Traveling-Wave Equations

The electric field £ (r,t) inside the active region of the modeled TLM sections can be repre-
sented as a superposition of slowly-varying time-complexed envelope amplitudes A(z,t) and
B(z,t) for the forward and backward-traveling optical fields, as shown the equation 2.18

E(r,t) = e F(r 1) Az, t) + F(r,t)*B(z, )] + c.c (2.18)

Where f. is the central wavelength of the simulated emission spectrum, F (r,t) describes
the electric field profile of the fundamental mode(s) in the cross-section area and c.c conjugate
complex of the first term. Moreover, due to the envelopes A(z,t) and B(z,t) are still rapidly
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oscillating along z, it is convenient to define complex-valued amplitudes with a slow variation
on both, t and z:

a(z,t) = 2P A(z, 1) (2.19)

b(z,t) = e 72 B(z,t) (2.20)

Where 3 is the propagation constant of the fundamental mode(s) with the effective index
nesr(fc), and is defined as:

Bo = 27rcfcneff(f0) (2.21)

Thus, the traveling equations for the slowly-varying complex-valued envelopes a(z,t) and
b(z,t) of the forward and backward optical fields within the modeled TLM section m of the
device section k, can be derived from replace the equations 2.18, 2.19 and 2.20 in the Maxwell

equations:
1 0 0 1 - 1.
(@a + &) a = (éG(Nm’ Sm) — éoza) a + Qa (222)
1 0 0 14 1
— — 4+ = )b= (=GN, —=a 2.2
(Ug,k o + 82) b (QG( s Sm) 2041,) b+ Qs (2.23)

Here, vy, = ¢/ngy.k is the group velocity of the optical mode which is determined by the
speed of light in a vacuum, c, and the group index, n, for a device section k. The optical
loss operators a, and @, account for the internal loss, Free-Carrier Absorption (FCA), Two-
Photon Absorption (TPA), and electro-absorption (or stimulated absorption) within the
cavity. Then, the terms Q, = Q.(z,t) and Q, = Qy(z,t) are stochastic variables that denote
the spontaneous emission into forward and backward traveling waves, respectively.

On the other hand, G(N,,, S,,) is the optical gain operator is responsible for the optical
gain inside the active region, N,,(t) the carrier density which is assumed to be constant within
each modeled TLM section and can be calculated using rate equations (see subsection 2.2.3).
Sy (t) is the average photon’s density within the modeled TLM section m of length Az and
can be determined from the forward and backward propagating optical fields according to
the equation 2.24. Where, E,, is the photon energy at the nominal frequency f., and I';, is
the confinement factor for a device section k.

Fk: 1 z2m+Az/2

mlt) = —+  — Alz. t B(z.t)?-d 2.24
lt) = 5o /A/ Az ) + Bz D) - dz (2.24)

The software VPIPhotonics Desing Suite™™ propose computational scheme employed
for solving equations 2.22 and 2.23 within each TLM section that can be classified as a
symmetrical fourth-order split-step scheme [50]
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2.2.3 Rate Equations

The traveling-wave equations described in the section 2.2.2 should be accompanied by an
additional equation that describes the dynamics of carrier density N,,(¢) in the modeled
TLM section m of the device section k. In this case, the Photonics TLM approach employs
a conventional rate equations in the approximation of uniform distribution of carrier density
along the active media of each TLM section (Different TLM sections can present different
densities).

For this work, we are going to consider a FPLD with a bulk active region. Consequently,
for bulk active regions, each TLM section m of a device section k is described by a single
electron density V,,(t) inside the conduction band of the active region. We assume charge
neutrality in all portions of the active region. That is, the hole density within the valence
band is also assumed to be equal to N,,(t). This carrier dynamics is governed by the follow
rate equation:

Breap (E[')
2B, Acrrk

3, Nm_ ANm;m'm
= B = R(Nu) — 0ga G (N, Su) - S+

(2.25)

The first term on the right-hand side of the equation 2.25 represents the carrier injection
density, and is responsible for the electron-hole pairs within the active region. Here, [} is
the bias current injected into device section k, and Vj, = wyd Ly, is the volume of the active
region in this device section k. The remaining constants ¢ and 7, are the electron charge
and the internal quantum efficiency of the current injection (For well-designed lasers, it is
close to one).

The second term on the right of the equation 2.25: R(N,,) is the recombination rate of
carrier. This term is taking into account the spontaneous and nonradiative recombination of
electron-hole pairs, and is given by equation 2.26. Where the Ay, B, and C'x are the linear,
bimolecular, and the Auger, recombination coefficients of the device section k respectively.
Note that the linear recombination coefficient is often expressed as Ak = 1/7;, where 7y
is the carrier lifetime. The linear recombination is nonradiative which usually occurs when
carriers “trap out” in midgap states and recombine without emitting photons. Instead, the
bimolecular recombination produces spontaneous emission when electrons and holes recom-
bine without the need for midgap states (Band-to-band radiative recombination). Finally,
the nonradiative Auger recombination usually appears when carriers transfer their energy to
other carriers, which interact with phonons to return to an equilibrium condition.

R(N,,) = ApN,, + By N2 + C,. N2, (2.26)

The third term on the right side of the equation 2.25 represents carrier depletion due to
the stimulated emission, being responsible for the stimulated absorption and gain processes.
Additionally, as was described in the section 2.2.2, the time-dependent variable Sm(t) is the
average photon density inside the active region of the TLM section m, and can be calculated
using the equation 2.24. Moreover, The operator G(Nm, Sp) determines the temporal gain
of light inside a TLM section. This term is considered as an operator in the sense that it
filters the permanence after photon density S,,, resulting in a form of frequency-dependent
gain.
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Finally, the last term in the rate equation represents the creation of carriers due to TPA
effect. Here, the constants Srpa and A.ss ) characterizes the strength of the TPA process
and the effective mode area in the device section k, respectively. Furthermore, (|E|’ is the
average square of photon power which is give by:

1 z2m+Az/2
(B[ = - / A(2) + B(z,1)['d= (2.27)
Az z2m—Az/2

2.2.4 Gain and Optical Loss Models

To solve the traveling-wave equations and the rate equation for carrier density, it is necessary
to take into account the models for stimulated emission, spontaneous emission and optical
losses, including internal FCA, TPA and electro-absorption. The following is a brief summary
of these parameters and the considerations necessary to include them in the analysis proposed
by the Photonics TLM scheme.

Stimulated Emission Models — Gain

As described in the previous section for the carrier dynamic, the temporal gain operator
G (N, Sy,) determines the stimulated emission and/or absorption of light within the TLM
section m. In general, this operator can be expressed as:

A g(Nm)

N,.,S,,) = [—2m/ 2.2
GV Sin) = Thgy oo (2.28)

Where I';, is the confinement factor for a section k, Sg,,(t) is the photon density causing
“compression” of the optical gain, and € is the gain compression factor which is used for
introducing the nonlinear photon density—dependence of optical. Usually, the photon density
Sr.m(t) is assumed to be the instantaneous average photon density S, (¢) within the modeled
TLM section, so this can be calculated by integrating the photon density within the section
assuming a constant gain. Finally, the operator §(1V,,) determines the spectral properties of
the gain operator and its dependence on the carrier density N,, at m-th TLM section. In
the frequency domain, this operator can be represented by the function g(f, N,,) with an
explicit dependence on the frequency f.

The spectral properties of the gain (the gain curve) can be modeled in different ways:
using a flat gain shape model, a parabolic gain shape model or a file that contain the gain
profile of a material. In our particular case we are going to consider the parabolic gain profile
as is shower in the Figure 2.6 due to the flat model can be inaccurate to model FPLDs [51].
In this case, it is possible to note that the gain depends on both, optical frequency f and
carrier density N,,. Thus, If N,, exceeds certain value known as transparency carrier density
Ny, (where the population inversion is realized and the active region exhibits optical gain),
the gain will be zero for frequencies smaller than the so-called gap frequency, fyq,. Besides,
the optical gain is positive for frequencies in the range fg.p < f < fgap + Af, where Af is
the gain bandwidth. If the opposite situation occurs when N,,, < Nyy, the gain is zero for
f < fqap and the optical gain becomes negative for higher frequencies.
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Figure 2.6. Gain shape curves [48].

Thereby, if Ny; > Ny, the gain shape depicted in the Figure 2.6 will be approximately
represented by the equation 2.29,

90 No) = Gpean (N - (1 - [f - ff{;jff;”)] ) (2.29)

where peak value g,eqr(Nm) can be represented using a linear gain model or a logarithmic
gain model, as showed in the equations 2.30 and 2.31.

Gpeak = Qlineark * (Nm - Ntr) (230)
N

eak — Qlog, -lo 2.31

Ypeak log,k Q(Nmk)) ( )

Where jineqr iz and ajoq 1 are the linear gain and the logarithmic gain of the material and
Ny, k is the zero gain carrier density (transparency value) for a device section k. It can be
noticed that as the carrier density N,, grows, the gain factor for the logarithmic gain model
grows slower than for the linear gain model. Therefore, the logarithmic gain model is a more
realistic option for taking into account the carrier depletion behavior.

On the other hand, in the case of N,, < Ny, the gain peak equals zero and the gain
frequency dependence will be described as:

g(f) = _gpeak(Nref, k?) . (1 [ﬁ} ) (232)
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In this case, gpeak(Nref, k) and Af(N,cry) are the gain peak and the gain bandwidth for
some reference carrier density N,.s,. The frequency gap can be calculated by the following
equations, where fpeqr(NVrer i) gain peak frequency.

foap = Foear(Nrepr) — 1/2Af (Niey ) (2.33)

Finally, the carrier dependence of the gain bandwidth is determined by the expression:

Gpeak(Npm)
Af(Np) =Afrerr - 4| — 2.34
( ) Sk gpeak<Nref,k) ( )

Spontaneous Emission Models — Noise

The section 2.2.2 describes the terms Q,(z,t) and @Qy(z,t), that were introduced to consider
the behavior of the spontaneous emission in the traveling equation. The spontaneous emis-
sion is the process in which electrons travel from the conduction band to the valence band in
the active region, releasing the difference in energy between these two bands as new photons.
However, in contrast to the stimulated emission, such new photons are uncorrelated — they
have random phases, frequency, wave vectors, and polarization. Hence, only a few of these
photons are coupled into the guided mode.

The Photonic TLS approach models the spontaneous emission in terms of Q,(z,t) and
Qu(z,t) for each TLM section m of a device section k, using Longeving noise sources as
follows [52]

Q) =\ SRV - (X(eo0) 5 (2,1) 23

Where P,,(N,,) is the power of the spontaneous emission and X (z,t) and jY (z,t) are
uncorrelated pseudo-random sequences modeled by a Gaussian white noise source. Moreover,
this generated noise needs to be injected in to each TLM section in two points for forward
waves and in two points for the backward waves (Four points at each side of the scattering
matrix) [34,53].

Thus, the calculations of the spontaneous emission are based on the gain due to stimulated
emission and enhanced by the inversion parameter ng,, and although this method is widely
used for optical amplifiers but is also applicable to semiconductor lasers [44, 52]. Therefore,
according to this method, the power of the spontaneous emission generated at TLM section
of the length Az over the simulation bandwidth Av is equal to:

gpeak<Nm)Fk
gpeak(Nm)Fk - az(Nm)

(Gret(Ny) — 1) - Av (2.36)

DPsp = hv - Nspk *

Where hv is the photon energy, gpear(Nm) is the peak gain (calculated according to
2.30 0 2.31), and «; is the loss per unit length due to waveguide scattering and free-carrier
absorption. Finally, G, (N,,) is the net power amplification per TLM section in linear units,
and is calculated according to the equation 2.37

Gnet(Nm> — e(rk‘gpeak(Nm)_ai)AZ (237)
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The inversion parameter ng),; accounts for the fraction of the stimulated emission that is
compensated by stimulated absorption events in an imperfectly inverted medium. Finally,
the term gpeak(Nm)Tk/ (Gpeak(Nm)Tk) — i (N,y,), accounts for an additional gain over the net
gain required to compensate for the losses.

Optical Loss Models

The Photonics TLM model considers several types of optical loss mechanisms. However,
these can be divided into two groups: (1) the distributed optical losses inside the modeled
device sections and (2) the lumped optical losses at the facets of neighboring device sections.

The distributed losses are proportional to the device section lengths and are modeled by
the optical loss operators and introduced in equations 2.22 and 2.23. In a general case, they
can be expressed as sums of three carrier-dependent terms that describe the internal loss,
the free carrier absorption, two-photon absorption (TPA), and the stimulated absorption
loss, which causes the generation of free carriers.

Q, = Oéi(Nm) + OszA,a(a, b) + OéEAM(Vk, Nm) (238)

db = Oéz(Nm) + OéTpA,b(CL, b) + OéEAM(Vk, Nm) (239)

The internal loss parameter «;(N,,) is supposed to be linearly dependent on the carrier
and can be mathematical represented as follows:

a;(Np,) = o+ N - Ny, (2.40)

Where o, is a parameter known as internal loss, and describes loss mechanisms such
as material loss and the Rayleigh scattering. Furthermore, the constant «;y is the carrier-
dependent internal losses, which describes loss mechanisms such as free-carrier intraband
absorption. It is necessary to note that although the internal loss is a carrier-depending
function, it does not affect the carrier density.

The two-photon absorption terms arpa, and arpay are determined by the expressions:

rpae = DveaZ2P8 (o=, 0 + [b(z 1)) (241)
eff
aras = T 5L (2fa(e, ) + bz, 1)F) (242

Here, the constant I'yj is the nonlinear optical confinement factor, introducing the
contribution of Kerr and TPA nonlinearities. The constant 87pa i characterizes the strength
of the TPA process in the device section k. The constant A.f; is the effective mode area
in the device section k. Finally, the factor two for counter-propagating fields reflects the
all-known fact that cross-phase modulation is twice as effective as self-phase modulation for
the same signal intensity [54]. It should be noted that the TPA value is an experimental
measure and its value depends on the material used as gain medium [55].

The voltage-controlled electroabsorption operator agan (Vi, Npn) takes into account the
stimulated absorption loss (interband) that causes the generation of free carriers. Moreover,
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for active device sections, the stimulated absorption at high frequencies is already taken into
account by the optical gain operator G(Nm, Sy) in the section 2.2.4. However, the use of
the gain operator in the stimulated regime is not recommended to modeling the effects of
stimulated absorption. Instead, it is recommended to model stimulated absorption explicitly
through the operator agay (Vi, Ny). The operator character of this loss means that it is
frequency dependent and is therefore modeled using a digital filter (FIR or IIR).

These effects of electroabsorption are described using the following equation:

ae(f, Vi)

OéEAM(faV;wNm) - HN—M

(2.43)

where N,, is carrier density in the active region of the modeled TLM section m of the
device section k, Vj is applied reverse-bias voltage, f is the optical frequency and Ngg  is
the saturation carrier density.

The spectral and voltage dependence of a.(f, V) may be modeled using a Lorentzian
shape profile:

(Af(Vi)/2)?
(f = fo(Vi))? + (Af(Vi)/2)?
where a,(V},) is the peak absorption magnitude, f,(Vj) is the peak absorption frequency

and A(Vj) is the absorption bandwidth. This reverse-bias voltage-dependent function can
be calculated using a third-order polynomial approximation such that:

ae(fa Vk‘) - Q‘p(‘/}c) (244)

ap(Vk) = Qpk + aq k- Vk + Qo - VkQ + asp - ‘/k3 (245)
Fo(Vi) = for + fie - Vi + for - sz + for - ng (2.46)
Af(Vi) = Afor + Afig - Vi + Afog - V2+ Afsp - Vi (2.47)

Here, the constants o, with n = 0 to 3 are Absorption Peak, Absorption Peak Linear,
Absorption Peak Quadratic, and Absorption Peak Cubic, respectively. The same interpre-
tation can be made for equations 2.46 and 2.47.

2.2.5 End-Facets Reflectivity — TLM representation

The TLM technique has been applied to many types of semiconductor lasers, electroabsorp-
tion, and passive devices. Moreover, due to its modularity, it is able to model novel designs
without modification [47, 56-59].

The simplest of devices that can be modeled using the Photonic TLM approach are
Fabry-Perot lasers that consist of a waveguide with reflective facets at the ends (cavity end-
facets or mirrors). In these, the end model sections have transmission lines that have a
length of half-time step At, and the reflectivity of the facets can be as represented by the
resistors across these half-length transmission lines. Besides, these reflectivity values can be
controlled by the value of these resistors, as shown in Figure 2.7. Consequently, the optical
field samples traveling to the cavity’s facets from the end nodes, are reflected back to the
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Figure 2.7. TLM representation of the cavity’s end-facets reflectivity using terminator
resistor [48].

same node. Since the round-trip delay of the final transmission line is one time step, the
pulses from the facets arrive in synchrony with the pulses from the nodes toward the center
of the laser.



Chapter 3

Colorless Transmitter Design

This chapter summarizes all design considerations used for the implementation of a Fabry-
Perot Laser as a colorless transmitter in a WDM network. This chapter includes the basic
cavity parameters that allow adequate mode spacing for WDM networks, as well as the
simulation schemes proposed to determine the value of the end reflectivity as a function of
the required injection power and source chirp. Finally, the simulation setup used to measure
the transmission performance of the designed colorless transmitter is also presented in this
section.

3.1 Design considerations

As mentioned in2, several features need to be taken into account to design a colorless trans-
mitter based on a FPLD that is suitable for applications in WDM-PON systems.

The first drawback of this colorless transmitter approach is the wavelength emission,
that in a FPLD is limited to these wavelengths that correspond to a round-trip phase shift
inside the cavity. This mean that we can only tune the emission wavelengths allowed for the
Fabry-Perot type structure, i.e., a discrete set of longitudinal modes. However, according to
the equation 2.5 it is possible to customize the longitudinal mode spacing selecting the cor-
rect cavity length for a material with a well-known refractive index. In this case, InGaAsP
lattice matched to Inp can be considered a useful option due to is direct band-gap material
that allows an electronic inter-band transition without the need to interact with the crystal
lattice (via phonons), and a function to calculate the energy of band-gap to guarantee emis-
sion around to 1552.525 nm (optical communications c-band center) can be calculated from
equation 2.6.

Thereby, for obtaining a Fabry-Perot laser emitting around 1552.525 nm it is necessary
a band-gap energy around of 0.8 ev, which can be achieved by using In,Ga;_,As,P,_, with
arsenic allow fraction y = 0.9. As a result, for this arsenic fraction and maintaining the
ratio x/y = 0.45 to ensure the matching of the lattice constant, the material group index
is of 3.7 [31]. Moreover, to guarantee the propagation of only the fundamental modes, it is
necessary to calculate the active region thickness d and the active region width w according
to equations 2.10 - 2.17. Thus, in order to confinement I be almost equal to the confinement
factor of the transverse mode I'y, the confinement factor of the longitudinal mode I';, = 1,
therefore the active width W need to be of the order of 2 p m. On the other hand, de
confinement factor of the transverse mode is a parameter that can be calculated a function

31
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of the cavity thickness, e.g, for d= 210 nm, 'y takes a value of 0.4. Besides, this confinement
factor helps to tune the FPLD central wavelength, due to its value affecting the fraction of
energy inside the active media, i.e, is related to the photon’s density in the active region and
therefore to the refractive index.

The following is a summary of the fixed design parameters for the colorless transmitter
based on a FPLD:

e Cavity Length: 405.125 pym

Material: In,Ga;_,As,P,_, with y=0.9 and x/y = 0.45

Group index at 1552.525 nm: 3.7

Active region thickness: 190 nm

Active region width: 2.6 ym

Confinement factor: 0,4

Active region type: bulk

Finally, regarding the power requirement, the main idea is to achieve 30 dB SMSR, us-
ing the lowest possible injection power, maintaining a good trade-off with the transmission
performance. 30 dB SMSR is necessary to ensure that in a multi-carrier system, adjacent
channels do not interfere with each other. In addition, we are going to consider as a low in-
jection power requirement at power values below 300 4W: about 10% of the average transmit
power according to the ITU-T G.694.1 recommendations [15]. It is necessary to note that
the SMSR is measured as the difference between the peak power of the tuned longitudinal
mode and side mode with the highest peak power.

3.2 Simulation setup

In this section, we propose the simulation scenarios used for analyzing the performance of the
FPLD as colorless transmitter. Here, the first scenario is used to analyze the impact of the
end-facet’s reflectivity over the injection power requirement for achieving 30 dB SMSR, the
source chirp, how many optical carriers it is possible to tune using a low power requirement
(300 uW), and how the optical carrier bandwidth affects SMSR. Then, in the second simula-
tion scenario, the transmission performance of the colorless transmitter over a WDM-PON
system is tested. All simulations are performed with the specialized software VPI Photonics
Design Suite (C). Besides, for all performance measurements is considered a FPLD with
the features mentioned in section 3.1: 405.125 pum length, a group index of 3.7 at 1552.525
nm and longitudinal modes with 100 GHz spacing. Additionally, a general scheme of the
simulations and the steps to be followed are described in the figure Figure 3.1.
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Figure 3.1. Simulation schedule.
The details of each step in the simulation scheme are described as follows:

3.2.1 Simulation scenario for analyzing the impact of reflectivity on the color-
less transmitter performance

The first simulation scenario is shown in the figure Figure 3.2. This simulation setup consist
of a SuperLuminescent diode (SLED) as a broadband source, an Erbium-doper Fiber Ampli-
fier (EDFA) adjusted to amplify the optical signal from the SLED up to 22 dB, a Standard
Single Mode Fiber (SSMF) with a length according to PON standards: 25 km, a Variable
Optical Attenuator (VOA) that controls the power of the injection carrier to be between
0.04 and 1.5 mW, a 25 GHz Optical BandPass Filter (OBPF) used for slicing the SLED
spectrum into narrower bandwidth optical carriers, and finally a FPLD designed to support
longitudinal modes with 100 GHz spacing. Moreover, according to NG2-PON standards,
WDM-based access networks are expected to support between 4 and 8 optical. Therefore,
all performance measurements were made for two different longitudinal modes: (1) a central
mode, where the laser presents its maximum gain, and (2) the side mode shifted by 400 GHz
regarding the central longitudinal mode. In this way, considering the spectrum symmetry
regarding the central mode, we ensure the operation of the colorless transmitter with at least
9 optical carriers.

The idea of this simulation setup is introducing variations in the reflectivity of the cavity’s
end-facets. Initially, variations between 32 and 95% are proposed for the cavity back-facet
Ry. These reflectivity values are due to the fact that the main idea is that the power of
the injected carrier is high, which can be achieved by reflecting most of the power in the
back facet. Thus, to analyze whether the back-facet reflectivity affects the injection power
requirement and the SMSR, and what is the dependency between them, several fixed values
for the reflectivity of the cavity’s front-facet were considered: 1 %, 10 % and 30%.

Consequently, after analyzing the back-facet of the cavity and determining what is a
suitable value to maintain a low power requirement, the reflectivity of this mirror will be set
to that value. Then, the reflectivity of the front-facet of the cavity will be varied between 1%
and 90%. These variations are introduced to determine suitable reflectivity values to ensure
the lowest possible injection power requirement for a target SMSR (30 dB in our case).

Furthermore, using the same simulation scenario, we analyze how many optical carriers
it is possible to tune using a low power requirement (300 gm), and how the optical carrier
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Figure 3.2. Simulation scenario for the cavity reflectivity analysis.

bandwidth affects the injection power required to achieve a 30 dB SMSR. In the latter case,
seeding carriers with 3-dB bandwidths Aw;. of 12.5 GHz, 25 GHz and 50 GHz (typical values
for commercially available DEMUX) are considered.

Due to the WDM-based networks operate in a spectral region further away from the
optical fiber’s zero of dispersion (normally the dispersion in this region is of 16 ps/nm-km),
the transmission performance is negatively affected by dispersive phenomena. Consequently,
since the broadband source seeding the FPLD emission wavelength is a SLED, which operates
using an Amplified Spontaneous Emission (ASE) process, it is necessary to analyze the time-
depending frequency variations (or chirp) that this type of source induces in the FPLD-based
colorless transmitter.

Here, for this time-domain analysis, it is proposed the same simulation scenario shown in
the figure Figure 3.2. This is due to the coherence of the laser and therefore the time domain
fluctuation of the emission frequency, it is directly proportional to the reflectivity of the cavity
mirrors. As a consequence, analyzing the fluctuation of the laser emission frequency over
time for several reflectivity values in the end-facets reflectivity (mainly in the frontal one),
it is necessary in order to determine a good trade-off between the power requirement and
the transmission performance, that is strongly affected by the pulse broadening causes by
the source chirp [15, 54].

3.2.2 Proposed WDM-PON System to analyze the colorless transmitter per-
formance

The figure Figure 3.3 shows the WDM-PON architecture in the upstream channel proposed
to evaluate the FPLD performance as a colorless transmitter. The Broad Band Source (BBS)
that would be used for the external wavelength tuning process in the ONU’s transmitters
is located at the Central Office (CO). This BBS consists of a SLED amplified by an EDFA
pumped with a 1480 nm laser diode. The resulting amplified light of 30 nm is transmitted
unmodulated over an SMF with a length up to 120 km. At the ONU side, the incoming
signal is spectrally sliced by MUX/DEMUX. Then, the narrowband optical carrier at the
MUX/DEMUX output is injected into the designed FPLD. Then, the external seeding FPLD
is directly modulated by a Non-Return to Zero (NRZ) signal using a 60 mA bias current.
Finally, we compare the transmission performance of this colorless transmitter regarding
external modulated Distributed FeedBack (DFB)) laser using the same power and 3-dB
bandwidth conditions.
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Chapter 4

Performance results of the colorless
transmitter based on a FPLD

This chapter shows the results of the reflectivity analysis performed for an FPLD designed
to support longitudinal modes spaced 100 GHZ, how these reflectivity values affect the
power requirement to achieve an SMSR of at least 30 dB, their impact on coherence of
the colorless source and therefore and its chirp. Also, for the best values of the end-facet
reflectivity selected using as criteria the trade-off between injection power requirement and
chirp, it is performed an analysis of how the bandwidth of optical seeding carrier affects
power requirement for a target SMSR. Finally, the transmission performance of the designed
colorless source is tested in a WDM-PON system with distances up to 100 km. Additionally.
it is analyzed how many optical carriers can be obtained using seeding carrier with 300 pW
optical power.

4.1 Colorless transmitter design

The 4.1a shows the optical spectrum of an unseeded FPLD designed to support 100 GHz
longitudinal modes and a central emission wavelength in 1552.525 nm (center of ¢ band
for optical communications according to ITU-TG.694.1 recomendations) obtained using the
simulation software VPIPhotonics Design Suite(©). In this case, the optical power spectrum
for a Fabry-Perot cavity with a reflectivity configuration 10/90 and 20 mA bias current is
observed. On the other hand, to compare the shape of the optical spectrum of the designed
FPLD, the optical spectrum of commercial available bulk type FPLDwith end-facets reflec-
tivities of 32 % biased at 20 mA is showed in 4.1b. For both cases, the resolution of the
Optical Spectrum Analyzer (OSA) was set 0.05 nm in order to have equivalent power mea-
surements (power measurement in an OSA are sensitive to the device frequency resolution)

It is possible to note that the spacing between longitudinal modes of the commercial
FPLD does not satisfy the standards for WDM optical networks, i.e., channels spaced a
multiple of 12.5 GHz (1.4 nm is equivalent to 174 GHz). Additionally, as expected, although
a gain spectrum of the designed FPLD was considered to have parabolic shape with a 3-dB
bandwidth of 100 nm (Similar to InGaAsP with hole concentration around 1 x 10'® [31]), a
real device no present a well-defined gain shape, therefore modes around the central emission
wavelength can exhibit similar peak gains and powers.

36
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Figure 4.2. Injection power requirement to achieve a SMSR of 30 dB. a) 1552.525 nm
(central). b) 1550.125 nm (Side Mode).

4.2 End-Facets reflectivity

First, we analyze how the reflectivity of the back-facet Rsaffects the injection power required
to achieve 30 dB SMSR. [15] Due to we need to obtain the highest possible power in the
cavity, high reflectivity values are necessary to improve the feedback process. Thus, we
considered reflectivities for the back-facet in a range between 32 %, that is typical for a
FPLD without external mirrors (only cleaved facets, and 95%. Moreover, for each back-
facet case, reflectivities of 1, 10 and 30 % are considered for the front-facet.

The Figure 4.2 show the injection power requirement in mW unit that is necessary for
achieving a SMSR above to 30 dB of both the central mode (1552.525 nm) and a side mode
shifted 400 GHz regarding the central mode (1550.125 nm). The results show that the power
requirement to achieve a SMSR of 30 dB no present a considerable dependency regarding
back-facet reflectivity (at least for these high values). However, although configurations with
32 % reflectivity on the cavity back-facet achieve a 30 dB SMSR at 300 W of power in most
cases, the injection power requirements increase slightly due to the decrease in feedback gain.
If the feedback gain decreases, the injected carrier should have more power so that the power
of the tuned mode exceeds the power of the spontaneous emission.

Additionally, in the Figure 4.3 and the Figure 4.4 show that for injection powers higher
than 1.2 mW a saturation point is reached for both longitudinal modes, and that for these

'Data sheet available in: http://www.oemarket.com
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Figure 4.4. SMSR vs Injection power. 400 GHz shifted Side Mode. Ry: a) 90 %. b) 95 %

regions the SMSR presents considerable variations (up to 6 dB) depending on the reflectivity
of the cavity back-facet. This behavior is due to the fact that for these end-facets config-
urations, low injection powers (< 300 pW) are not enough to saturate the cavity gain, so
the peak power ratio between the longitudinal modes is maintained, even for different gain
values. However, for high injection power, mainly in the case of the central mode where
the gain of the active medium is higher, it is possible to find differences in the SMSR for
different values of back side reflectivity. This behavior is due to the fact that reflectivity
directly affects photon density in the cavity, and therefore at what point the saturation gain
is reached. Thus, if gain saturation is not achieved due to low reflectivities implying low
feedback gain, the SMSR can keep growing.

Then, since the performance of the FPLD-based colorless source in terms of the SMSR
is not significantly affected by the reflectivity values in the cavity’s back-facet, we consider
using a fixed reflectivity value of 90 %, in order to study how the front-facet reflectivity affects
source performance in terms of the injection power requirement and the chirp. Choosing a
high reflectivity value guarantees a higher amplification in the cavity, and therefore a higher
power output. Moreover, at this point it is necessary to clarify that for a laser operating far
from the saturation region, the optical power of the central mode will be directly proportional
to the bias current. In consequence, in the case where a side mode is seeded externally, the
higher the bias current, the lower the SMSR. Thus, in order to choose an appropriate value
for the bias current, it is first necessary to find the laser threshold current. The Fig 4.5a
shown the output power as a function of the bias current of a cavity with reflectivities of
1%, 10 % and 30 % in the front facet, and 90% in the back-facet. It is clear that in all cases,
the threshold current is above 20 mA, and that the higher the reflectivity of the front-facet,
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Figure 4.5. Simulations of the designed colorless transmitter. Power characterization.

the lower the value of the threshold current.

Furthermore, the figure 4.5b shows the power spectrum for different values of the bias
current of a cavity with a 10/90 % reflectivity configuration. In this case, it is clear that the
power of the central mode increases as a function of the bias current, so choosing a value
around 20 mA could be considered a suitable option o get a target SMRS. However, operating
close to the threshold current is not a recommended for a direct modulation scheme, due
to the chirp induced by abrupt changes in carrier density. Thus, to determine the injection
power requirement in all cavity’s reflectivity configurations, we propose a bias current of
60 mA. This will establish a bias current limit below which, if a certain injection power is
guaranteed, the colorless source will guarantee at least 30 dB SMSR.

The 4.6a and the 4.6b shows the SMSR vs injection power of both the central mode
a side mode, respectively, for different reflectivity values of the cavity front facet R;. As
we expected, the measurements shows a strong dependency of the power requirement and
the reflectivity of the front-facet. In general, the lower the reflectivity value, the lower the
power requirement to obtain a SMSR above to 30 dB. For the case of the central mode,
even its gain is higher than the 400 GHz shifted side mode, for reflectivities below 50 %
relatively-low injection powers (less than 1 mW) are not enough to achieve 30 dB SMSR.
However, as can be noticed in the Fig. 4.6b, the performance of the side modes is more
affected more than in central mode when the reflectivity of the front-facet is increased. This
is because the cavity feedback increases proportionally to the reflectivity of the end-facets, at
the point of gain saturation, photon emission will predominate in the spectral regions where
the material has higher gain. Therefore, the injection power required for a target SMSR will
also increase. Thus, due to the main idea is to achieve 30 dB SMSR using the lowest possible
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Figure 4.7. SMSR Vs. Inject Power Vs. Reflectivity. a) Central mode. b) Side Mode.

injection power (below 300 pW), only reflectivities between 1 % and 30 % are useful for the
FPLD-based colorless transmitter.

Consequently, observing the Figure 4.7 that shows a three-dimensional graph: SMSR
Vs. injection power Vs. reflectivity for both tuned longitudinal modes, it is possible to
confirm that the side modes impose the reflectivity conditions for the front-facet of the
cavity. According to that, only values within the small region represented by the dashed
black square satisfy the low power requirement mentioned above: less than 300 pW.

4.3 Time-Domain Analysis

Due to the WDM-based networks operate in a spectral region further away from the optical
fiber’s zero of dispersion (typically the dispersion in this region is of 16 ps/nm-km), the
transmission performance is negatively affected by dispersive phenomena. Consequently,
since the broadband source seeding the FPLD emission wavelength is a SLED, which operates
using an Amplified Spontaneous Emission (ASE) process, it is necessary to analyze the chirp
that this type of source induces in the FPLD-based colorless transmitter.

The Fig. Figure 4.8 shows the chirp of the FPLD externally tuned using the ASE carrier
with a 3-dB bandwidth of 12.5 GHz and an optical power of 300 uW. For these measurements,
reflectivities of 85, 90 and 95 % were used for the back-facet and of 1, 10 and 30 % for the
front-facet. In all cases, to better visualize the results, the average emission frequency was
subtracted from the data obtained. In this way, it is possible to visualize by how much the
emission frequency fluctuates with respect to its expected value. Thus, it was possible to
observe that the maximum frequency fluctuations around 65 GHz in the cases with 10 %
and 30 % reflectivity. Other hand, for the case of 1 % the maximum frequency fluctuations
exceed 100 GHz.

Furthermore, the probability density distribution obtained from the data histogram of
each reflectivity case is shown below to notice how the noise of the FPLD is distributed
around the tuned longitudinal mode. The results show that frequency variations over time
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are not significantly affected when the reflectivity of the cavity’s back-facet is above of 85%.
This can be observed by measuring the standard deviation of the distribution function of
each case. The difference in the standard deviation of the frequency does not differ by
more than 1 GHz among the 3 cases. Nevertheless, as the front-facet reflectivity change, the
chirp’s standard deviation considerably changes regarding its mean value, showing a behavior
inversely proportional to the reflectivity. This behavior is expected, since the intensity of
the feedback process in the cavity is directly proportional to the reflectivity, which improves
the coherence of the laser and reduces frequency variations over time caused by the ASE
noise of the own optical carrier.

According to both results, the spectral and time-domain analysis, reflectivity values of 10
% and 90 % in the front face and the end face, respectively, can be considered as the better.
This choice was made taking into account that even a 1 % reflectivity presents the lowest
injection power requirement (mainly when a side mode is considered), its chirp is bigger than
the other cases, and due to the optical fiber’s dispersion behavior the chirp will penalize the
transmission performance. Furthermore, taking into account the carrier’s depletion induced
by the modification of photon density, the use of a 10/90 configuration allows to obtain an
emission spectrum centered around of 1552.525 nm (center of the optical communications
C-band) if the confinement factor is set in 0.4, i.e, the thickness of the cavity should be
around 190 nm. The width of the region was set to 2.6 um so that the confinement factor
and the transverse mode confinement factor are equivalent[31].

4.4 Carrier bandwidth analysis and number of available modes

We also evaluate the performance of this FPLD-based colorless transmitter for different 3-dB
linewidths Aw;, of the optical carrier used to seed the FPLD emission wavelength: 12.5 GHz,
25 GHz and 50 GHz. The figure Figure 4.9 shows the SMSR measurements as a function of
injected optical power for the different Aw;. values, and for two optical channels: 1552.525
nm (Central mode) and 1550.125 nm (400 GHz shifted side mode). These measurements
show that the cavity performance in terms of the SMSR decreases inversely proportional
as a function of the carrier bandwidth and the distance of the tuned mode from the center
mode. This behavior is explained in the Fig. Figure 4.10, that shows the optical spectra
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of the FPLD after be tuned for each Aw;. using an injection power of 300 uW. It can be
noticed that due to the gain spectrum of the untuned FPLD (gray lines) is not uniform for
all wavelengths. As the spectral width of the seeding carrier increases, the lateral modes of
the tuned mode begin to receive a greater optical power, so they will be amplified by the
cavity according to the gain of the material (which is a frequency-dependent function). This
behavior is mainly observed when is used a wide spectral width optical carrier (w;. = 50
GHz), to tune a longitudinal mode away from the central mode of the FPLD, such as the
case of channel 1550.125 nm (red line). In this case, optical carrier 3-dB bandwidth exceeds
in more than 30 GHz the 3-dB bandwidth of the longitudinal mode, which is around of 18
GHz (measured with a 0.05 nm OSA). Since for the spectral region where the center mode
is located, the gain is the highest, for a low injection powers the longitudinal modes around
the gain peak could be amplified if the spontaneous emission is higher than the effective
injected power, increasing its optical power and decreasing the SMSR.

SMSR [dB]

~1000 -750 -500 -250 O 250 500 750 1000
Frequency Relative To 193.1 THz [GHz]
Figure 4.11. SMSR vs Spectrum shift with respect to 193.1 THz (1552.525 nm) using a

seeding carrier with 300 um optical power and 25 GHz 3 dB bandwidth.
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Figure 4.13. Eye diagram for 20 km transmission length.

Finally, to know the number of modes available in this FPLD configuration, the same
scenario shown in Figure Figure 3.2 was used: a FPLD biased with a current of 60 mA, and
optical seeding carrier with 300 uW power and 3-dB bandwidth of 25 GHz. Then, using
an OBPF, the frequency of the seeding carrier was shifted with respect to the central mode
(193.1 THz) using 100 GHz steps (the channel spacing considered in this system). Thus,
as shown in Figure Figure 4.11, 13 longitudinal modes can be tuned using a seeding carrier
with an optical power of 300 puw, which is sufficient to fulfil standard recommended optical
carrier numbers for WDM-PON systems.

4.5 Transmission performance

This section shows the transmission performances of the designed colorless transmitter based
on a FPLD. In this performance analysis, the bias current was set in 60 mA according to
the reflectivity analysis showed in the section 4.2. Additionally, to compare the performance
with one of the best transmission scenarios, an external modulated Distributed FeedBack
(DFB) laser using the same power, 3-dB bandwidth conditions and bias current conditions
was deployed in the same WDM-PON system.

The figure Figure 4.12 shows the transmission performance of the FPLD-based colorless
transmitter in terms of the BER as a function of the transmission distance, and the figure
Figure 4.13 shows eye diagrams where the bandwidth of the seeding carrier is 12.5 GHz,
which is the best case for transmission. As expected, the transmission performance shows
better results when the FPLD-based transmitter colorless is externally tuned by a narrow
bandwidth optical carrier. However, for bandwidths below 25 GHz, the transmission perfor-
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mance in terms of the BER does not differ significantly. Additionally, the channel associated
to the central mode (1552.525 nm) presents a slightly better performance regarding channel
associated to the side mode (1550.125 nm): less than 1 km of distance difference considering
the BER threshold for an error-free transmission (107?). Even so, in eye-patterns shown
in the figure Figure 4.13 it can be seen that for 20 km transmissions, the extinction ratios
for 1550.125 nm (side mode) and 1552.525 nm (central mode) are 3.73 and 3.78 dB, respec-
tively, which allows to differentiate the symbols of the NRZ modulation without error (BER
10729).

These results are in accordance with the analysis performed in section 4.4, where the
power spectrum and the SMSR for the cases with a 12.5 GHz and 25 GHz seeding carrier
are almost equal for both longitudinal modes. However, for the case of the 3-dB bandwidth of
50 GHz, the SMSR is penalized due to the lack of power in the spectral region where resonant
cavity allow photon’s emission (see the explanation of the formation of longitudinal modes in
the chapter 3). Thus, since the same optical power is distributed over a wider spectral region,
the power remaining in the same region of the spectrum where the longitudinal mode can
exist is less than the total power of the seeding carrier. Therefore, this optical power is not
enough to extinguish the side longitudinal modes and maintaining a SMSR of 30 dB. This
not only penalizes the overall performance of the network due to the interchannel interference
is increasing, but part of the modulated information remains at frequencies different from
the tuned mode, and when they are filtered at the remote node by the MUX/DEMUX, it
will affect the waveform of the information signal, decreasing the performances in terms of
the BER.

Moreover, for the comparative scenario, considering the BER threshold for error-free
transmission and an w;. of 12.5 GHz, the transmission distance penalty of the FPLD-based
colorless transmitter regarding the external modulated DFB laser was 7.2 km and 7.8 km for
1552,525 nm and 1550,125 nm, respectively. However, although the transmission distance
penalty presents considerable values, the cost of implementing direct modulation on a FPLD
is much lower than an externally modulated DFB laser, which makes this device a suitable
option for a low-cost WDM-PON system, with at least 9 carriers with different emission
wavelengths.

4.6 Performance comparison — Comercial available FPLD

To compare the performance of the designed colorless transmitter and a FPLD such the
normally available in the market in terms of the SMSR, the injection power requirement
and the seeding carrier’s bandwidth, in this section is proposed the same simulation scenario
described in the section 2.1.2 (see Figure 4.14). Here, a 30 nm SLED with 2mW output
power is amplified by a 22 dB gain EDFA and transmitted without modulate over a 20 km
SSMF'. Then, using a Tunable OBPF, a narrowband optical carrier is obtained and injected
in a FPLD. Finally, for controlling the injection power, a Variable Optical Attenuator (VOA)
is proposed. Additionally, to analyze the seeding carrier bandwidth impact over the injection
power requirement to achieve 30 dB SMSR, an optical carrier with 3-dB bandwidth of 12.5,
25 and 50 GHz was used.

To simulate the FPLD, it is proposed the same photonic TLM described in the section
2.2.1 that is implemented by the software VPI photonics Design Suite(C). However, in this
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Figure 4.14. Simulation scenario proposed to analyze the market available FPLD.

case, the cavity’s length, the cavity’s volume, longitudinal modes spacing, and the end facets
reflectivity need to be customized.

Consequently, to calculate the cavity length, we can use as reference the FPLD shown
in 4.1b: A Fabry-Perot laser fabricated with In,Ga;_,As,P;_, lattice matched to InP, and
with a longitudinal mode spacing of 1.4 nm. Thus, assuming the same fraction of x and y
regarding the designed colorless transmitter (y=0.9 and x/y = 0.45), and therefore a group
index n, of 3.7 for a central emission wavelength A of 1552 nm, it is possible to use the
equation 2.5 to determine that the cavity length should be 236.66 pm length. Finally, in the
case of a low-cost semiconductor laser such as the FPLD, external mirrors are not required as
the two cleaved laser facets act as mirrors, which is enough to feedback the active medium and
operate the laser regime. Therefore, the end facets reflectivity for this commercial available
FPLD can be calculated as R = (Z—:f [15]. Where n is the refractive index of the gain
medium, typically 3.6 for this arsenide fraction, resulting in end-facets reflectivity of 32 %.
Furthermore, if we consider that only the fundamental modes propagate, both transverse and
longitudinal, according to the equations 2.11 and 2.16, the thickness and width of the active
region should be around 200 nm and 2.6 nm, respectively, resulting in a confinement factor
of 0.3. Finally, for simulating the gain profile of the spontaneous emission, it is considered
a parabolic shape with a 3-dB bandwidth around 100 nm (Similar to InGaAsP with hole
concentration around 1 x 10'® [31])

The 4.15a shows the power characterization for the simulated commercial available FPLD.
On the left side is shown the output optical power as a function of the bias current. In this
case, it is possible to observe a typical curve of Bias Current vs Optical Output Power
for a FPLD, which usually presents a threshold current around 12 mAZ%. Other way, the
Figure 4.15b shows the power spectrum measurement for different values of the bias current,
obtained from an OSA setting to have optical resolution of 0.05 nm. As expected, the shape
of the spectrum is slightly different from that shown in Figure 4.1b. This is because the real
devices do not present a gain profile with a perfectly defined shape (like a parabolic profile).
However, the spacing between longitudinal modes and the dependency of the output power
and the optical gain regarding the bias current fit the real devices quite well.

Furthermore, the Figure 4.16 show SMSR as a function of the power of the seeding
optical carrier for different 3-dB bandwidths: 12.5, 25 and 50 GHz. Here, it is possible to
observe that the performance of the laser source, in terms of SMSR and the injection power
requirement is strongly dependent on the bandwidth of the seeding carrier; if the carrier 3-dB

2Data sheets for a 1550 nm Fabry-Parot Laser are available in: https://www.rpmclasers.com/product


https://www.rpmclasers.com/product

46 4.6. Performance comparison — Comercial available FPLD
g

E

810 -

g S

B °

O o

§° 8

5

g

3 0; ‘ ! ‘ !

0 10 20 30 40 50 60 70 1546 1548 1550 1552 1554 1556

Bias Current [mA] Wavelength [nm]

(a) Bias Current vs Optical Output Power (b) Power spectrum for different bias current.

Figure 4.15. Simulation of a Market available FPLD. Power Characterization.

401
301
) = 201
Z =
g g 101
= =
(2] (2] 01
—w— 12.5 GHz
—e— 25 GHz ~101
—a— 50 GHz
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
Injection Power [mW] Injection Power [mW]
(a) Central Mode (b) 700 GHz Shifted Mode

Figure 4.16. SMSR vs. Injection Power for a commercial available FPLD. 1.4 nm
spacing for longitudinal modes and 32% for both en facets.

bandwidth is larger than 3-dB bandwidth of the target longitudinal mode around 17 GHz in
this case, SMSR is penalized due to decreasing in the effective injection power (see section
4.4). As expected for a reflectivity of 32%, the injection power required to achieve a 30 dB
SMSR is higher than 600 ¢W for a longitudinal mode shifted 4 modes with respect to the
central mode, i.e., around 700 GHz shifted. Moreover, we can expect that the bandwidth of a
single longitudinal mode increases proportionally to the spacing between longitudinal modes
(see equation 2.7. However, due to the cavity length is shorter in this case, the total loss
decreases with respect to the designed colorless transmitter, so the finesse value is increased
and the linewidth for a single mode remains a similar value (only 1 GHz difference).

In comparison with the designed colorless transmitter, in all cases, the commercial FPLD
presents a higher power requirement. This behavior can be explained taking into the material
gain bandwidth, that it is the same for both cases. Thus, because the fourth mode with
respect to the central one is moving away from the commercial FPLD case, and the material
gain decreases following a parabolic shape, it is necessary to use a higher injection power
to compensate the low gain of the cavity in this region. Thus, since the fourth mode with
relation to the central one is farther away for the commercial FPLD than for the colorless
transmitter, and the gain of the material decreases following a parabolic shape, it is necessary
to use a higher injection power to compensate for the low gain of the cavity in this region.
Therefore, a commercially available Fabry-Perot laser is not a suitable option to deploy a
colorless network, not only because the mode spacing does not conform to WDM network
standards, but also because the power requirements are very high: in the best case, it is
about 40 percent of the average power allowed to transmit information.

On the other hand, The Figure 4.17 shows the chirp and its distribution function for a
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Figure 4.17. Chirp of an external seeding FPLD using optical carrier with different
powers. Relative to the tuned mode emission frequency

FPLD seeded by external ASE-carriers. This frequency variations over time were analyzed
for carriers with different power values between 300 W and 900 pW. In general, it was
found that the standard deviation of the frequency is around 20 GHz for the central mode
(where 200 W is enough to reach 30 dB SMSR) as shown in figure 4.17a, while the lateral
mode is above 24 GHz as is showed in the Figure 4.17b.

The behavior of the chirp for the side mode can be explained observing the Figure 4.18,
that shows the power spectra for the external seeding FPLD in two different longitudinal
modes, and several injection powers. In this case, it can be noted that for an injection
power of 300 W the SMSR is low: around 12 dB, therefore the frequency variations of the
longitudinal modes around the central mode have a significant on the total laser power, so
the frequency variations are not only around the tuned mode, are distributed in those modes.
Due to that, the instantaneous frequency presents outliers around the emission frequency of
the tuned longitudinal mode, and the smaller the SMSR the larger the frequency outliers, and
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Figure 4.18. Power spectrum of an external seeding FPLD using optical carrier with
different powers
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therefore the larger the standard deviation of the frequency (see figure 4.17b). However, if
the seeding carrier power is sufficient to reach 30 dB SMSR, these outliers tend to disappear,
resulting in a frequency distribution with a normal appearance, centered on the emission
frequency of the tuned mode and with a standard deviation below 24 GHz (comparable to
a longitudinal mode bandwidth).

Additionally, the standard deviation of the chirp for a FPLD with a reflectivity of 32 %
on both sides of the cavity, is generally higher than for the designed colorless transmitter
(10/90 configuration). This is because the reflectivity of the back-facet of the commercial
FPLD is relatively small compared to that of the colorless transmitter, which decreases the
intensity of the feedback in the cavity and negatively affects the ratio between stimulated
emission and spontaneous emission (loss of coherence).

Finally, for the transmission test, we considered an injection power of 300 W, in order
to compare the transmission performance in the same power conditions with respect to the
case of the designed colorless transmitter. Thus, the Figure 4.19 shows the transmission
performance results in terms of the BER as function of the transmission distance, for a
commercial FPLD seeded using ASE optical carriers with different 3-dB bandwidth: 12.5, 25
and 50 GHz. In this case, 2 optical channels were also considered, the channel corresponding
to the central mode, and the channel shifted 4 modes away from the central one (700 GHz
shifted in this case).The results show that, for the central mode, it was possible to achieve
error-free transmission for distances greater than 20 km, even for the 50 GHz seeding carrier.
This behavior is expected because the injection power required to achieve a 30 dB SMSR
is less than 300 W in the case of the central mode. Therefore, for the central mode it
is possible to consider that a transmission is performed using a narrowband carrier whose
performance is less affected by phenomena as the fiber dispersion, mode hopping and loss of
information when filtering the carrier at the remote node.

On the other hand, according to the 4.18b, 300 W of power is not enough to achieve 30
dB SMSR in the case of the lateral mode. Because of this, for the channel corresponding to
the side mode shifted 700 GHz with respect to the center mode, a transmission with a single
carrier source cannot be considered. Since the information travels in multiple wavelengths
over the fiber, dispersive phenomena, mode hopping and channel interference will deteriorate
the transmission performance, causing that an error-free transmission is not possible in any
case above 20 km.



Chapter 5

Proposal of a Pulsed laser as a
seeding source for colorless

WDM-PON systems based on
external wavelength seeding

In this chapter, we present the design and the experimental implementation of ultrashort
pulsed laser based on optical fiber and nanomaterials as a viable option for obtaining broad
optical sources usable as seeding sources in colorless network. Thus, we show the design
and implementation of a pulsed source using fiber optics and graphene, including optical,
frequency and spectral stability characterization. We also show a simulation interface based
on VPI software, which uses the experimental data of the source spectrum to generate a
multi-wavelength source with applications in WDM systems. Consequently, this multi-carrier
source can be used to seed a wavelength in a colorless transmitter based on an FPLD, or it
can be used in a colorless system that performs wavelength carrier reuse.

5.1 Motivation and context

Wavelength-Division-Multiplexing (WDM) techniques over Passive-Optical-Networks (PON)
is an advanced access network technology that provides a scalable and secure point-to-point
wavelength link with highly valued conditions to handle the continuous growth in bandwidth
demand and 5G fronthaul deployment. [20]. However, the application of WDM techniques
over PON has been under discussion for several years due to its high implementation cost,
mainly due to the lack of low cost optical sources and the use of fixed wavelength assignment
for optical transmitters at the user side (which increases inventory and deployment costs)
[60]. To overcome these problems, the use of colorless transmitters, which act as tunable
wavelength lasers controlled by an external mechanism generally located at the Central Of-
fice, has been proposed. Most of the low cost colorless approaches are usually based on an
Amplified Spontaneous Emission (ASE) BroadBand optical Sources (BBS) that are spec-
trally sliced to obtain narrow-band optical carriers [18, 24, 27,29, 61]. However, being color-
less transmitters a feasible solution for low-cost access networks, the spectral optimization
is an issue to be further explored. Thus, a useful approach among the spectrum BBS-based

49
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colorless techniques is to use the same optical carrier for DownStream (DS) and UpStream
(US), in a communication scheme known as carrier re-use or carrier re-modulation [18,24].
Nevertheless, this approach involves the use of an ASE source as optical transmitters in the
DS link, whose performance is penalized due to the low-coherence of ASE-sources [27].

On the other hand, other well-known optical comb generation techniques, such as those
based on Mach-Zenhder modulators, guarantee a better coherence regarding the spectrum
slicing ASE source. However, these techniques do not generate optical carriers in a range
greater than 12 nm, and usually require a cascade or loop configuration to achieve this
spectral width, which implies an increase in the complexity and cost of the transmitter device
[62,63]. Thus, to improve the performance of optical communications based on spectrum
sliced BBS, the implementation of comb generators such as Ultra-Short Pulse Lasers (USPL)
based on passive mode-locking techniques has been considered, mainly due to their high
spectral stability, wide spectrum and high coherence [64-66].

Some of the most popular approaches for passive mode-locking techniques for generating
ultra-short pulses in a laser-cavity are the Non-linear Polarization Rotation (NPR) and the
Semiconductor Saturable Absorbing Mirrors (SESAM). However, the Saturable Absorbers
(SA) based on 2D nanomaterials in conjunction with fiber-based lasers, have been considered
a promising solution for applications in optical communications systems, not only because
they make possible to build lower-cost optical sources with a high compatibility in fiber-based
optical systems, but also allow to improve the mode-locking instabilities caused by the NPR,
or to avoid fixed both wavelength and pulse repetition rate as in the SESAM case. Hence,
in terms of the nano-material choice for SA design, the characteristics of graphene, such as
fast recovery time, high modulation depth, low fluence and wide absorption spectrum, make
this material a suitable choice [67,68]. Besides, the fabrication process of a graphene-based
saturable absorber is relatively simple, and does not require special care as black phosphorus,
which can easily become oxidized [69, 70].

5.2 Ultra-short Pulsed Laser design and experimental character-
ization

In this section we show the experimental setup used to generate ultra-short pulses in the
spectral region around 1558.6 nm, a performance characterization of the proposed graphene-
based SA, and an analysis of the spectral behavior of the USPL.

5.2.1 USPL experimental setup

The experimental setup proposed for the USPL is shown in the Fig Figure 5.1. This con-
figuration make it possible to generate ultra-short pulses by introducing a graphene-based
SA and Polarization Controller (PC) into an Erbium-Doped Fiber Laser (EDFL) cavity.
This laser has a ring-shaped cavity with 33.82 fs/nm of accumulated dispersion, and a total
length of 4.86 m (including PC’s fiber length). It consists of: a 980 nm pump laser diode
with an output optical power of 80 mW, a 980/1550 nm WDM device in co-propagating
configuration, an erbium-doped fiber with a length of 1 m and an absorption coefficient of
-33.8 dB/m as the gain medium, an optical isolator with 30 dB isolation, and an optical
coupler 70/30, 70 % to the feedback process and the remainder 30 % at the laser output.
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Figure 5.1. USPL Experimental setup.

The average optical power of this source, working in pulsed regimen, was around of 2 mW
[71].

On the other hand, the proposed SA consists of a 13 mm mono-layer graphene length
fabricated by Chemical Vapor Deposition (CVD) process, deposited on the surface of a single
mode fiber (SMF) side-polished (D-shaped fiber-See Fig Figure 5.2a) approximately to 1 pm
regarding the fiber core. The monolayer graphene was transferred from cooper to a D-shaped
optical fiber via wet transfer, using a PMMA layer of 300 nm thickness. Fig Figure 5.2a and
Fig Figure 5.2b show front and top view images of D-shaped fiber with graphene deposited,
taken by an optical microscope using 20X objective lens. This configuration allows to obtain
SAs with relative extinction ratios up to 98%. The high value of the extinction rate contribute
to the generation of ultra-short pulse [72].

For analyzing the deposited graphene quality along the fiber surface area, Raman spec-
troscopy was proposed. In the Fig Figure 5.2c, it is shown the Raman spectrum in a point
of the transferred monolayer graphene, shown as a red square in the Fig Figure 5.2b. Thus,
we performed a Raman mapping of the IG /12D intensity ratio between the G and 2D bands
from a 20 um x 20 um coverage area on the polished side of the D-shaped optical fiber. In
this mapping, 95% of monolayer graphene is observed on image analysis. This percentage
is identified in Fig. Figure 5.2d by blue color, where the intensity ratio is 0.25 < IG/12D <
0.5. The other areas are composed by bilayer (yellow color) and multilayer graphene (red to
brown tones), which is typical of the CVD graphene growth process [72-78]. Additionally,
the Raman spectrum of monolayer graphene onto D shaped optical fiber shows the —D peak.
This peak indicates that there is a disorder in the graphene structure caused by the sps to
sps local transmutation of the graphene carbon atoms, due to the interaction between the
functional groups of the PMMA structure and the graphene lattice [74-78]. In addition,
in the graphene process growth CVD there are some regions polycrystalline, these regions
generate defects in the graphene crystal structure. Hence, to measure the level of defects on
graphene, a Raman mapping of the ID/IG Intensity ratio between D and G bands in an area
of 25 x 25um was performed. The Fig Figure 5.2e shows that 80 % of monolayer Graphene
has a low level of defects, which can be identified by blue color in the mapping, where the
intensity ratio is 0.1 < ID/IG < 0.3 [74-78]. The low level of defects in graphene is very
important because the mobility and optical absorption is highly dependent on defects of the
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Figure 5.2. SA Optical characterization. a) D-Shaped Fiber Front View. b) D-Shaped
Fiber top view. ¢) Raman spectrum in a point of the monolayer. d)Raman mapping of the
IG/I2D intensity ratio transferred graphene. e¢) Raman mapping of the ID/ IG intensity
ratio in a 25 x 25 pum in the transferred graphene.

crystalline structure. In our case, due to monolayer graphene has low defects, there is an
increase in the number of electronic transitions at low intensities which consequently occu-
pies a greater number of electronic states in the material and facilitates the Pauli blocking
effect [79]. Therefore, the graphene becomes more efficient as a SA in the ultrashort pulse
generation.

5.2.2 Spectral Characterization

This subsection shows the experimental measurements of the USPL necessaries to deploy
the simulation interface and analyze the multi-wavelength source performance in a WDM-
PON system. The time-domain measurement was carried out with a 10 GHz photo-diode
connected to a 4-GHz sampling oscilloscope, and the spectral measures were made with an
optical spectrum analyzer (OSA) of 0.05 nm resolution using a 99/1 beam splitter.

The Fig. Figure 5.3a shows the EDFL spectrum before to introduce the SA, and as it
is expected for a laser working in a Continuous Wave (CW) regime, the EDFL present a
relatively narrow Full Width at Half Maximum (FWHM) of 0.22 nm. Thus, as shown in Fig.
Figure 5.3b, when the EDFL is connected to a PIN photo-diode, it presents a time-constant
response which ensures that without SA, the EDFL works in CW regime.

Now, the optical power spectrum after introducing the SA in the EDFL cavity is shown in
the Fig Figure 5.4a. In this case, we selected a polarization state that allows the formation of
only one pulse per round in the EDFL ring-cavity. As expected, and according to the Fourier
transform analysis, when the laser works in the pulsed regime its spectrum is broadened,
obtaining a 3-dB bandwidth (or Full Width at Half Maximum — FWHM) up to 21.8 nm



53 5.2. Ultra-short Pulsed Laser design and experimental characterization

o
-
(=}

|
—-
o

o

©

il
o

|
w
=}
N
'S

e
)

Optical power [dBm]
"
o
Amplitude [a.u]

|
IS
o

e
o

1558 1560 1562 1564 1566 25 50 75 100 125 150 175 200
wavelength [nm] Time [ns]

(a) (b)

Figure 5.3. EDFL characterization. a) Optical Power spectrum, FWHM = 0.22 nm. b)
Temporal waveform.

o

1.0 - 1.00
—40 a—) m— Experimental _
- 20.8 == sech? fitting 3 075
g ° <
m —50 Q o)
=] o 0.50
= °
3 -60 2 025
z )
o ]
& —70 E; 000
-0.25
80 .
1520 1540 1560 1580 1600 1520 1540 1560 1580 1600 25 50 75 100 125 150 175 200
Wavelength [nm] Wavelength [nm] Time [ns]
(a) (b) (c)

Figure 5.4. USPL characterization. (a) Power spectrum (best case), A, = 1558.8 nm. b)

Linear-scale normalized spectrum, FWHM = 21.8 nm. ¢) USPL Temporal waveform f =
41.18 MHz.

for an optimum polarization state. It is necessary to emphasize that in comparison with
previous implementations, this configuration allows to obtain an ultra-short pulsed laser
with 3-dB bandwidth at least 11 nm larger [72]. Subsequently, in the Fig Figure 5.4b is
showed the same power spectrum in linear-scale (blue line) together with a sech? fitting
function (red line) according to soliton formed in the cavity. The results show a Pearson
correlation coefficient r of 99.32 % and a mean square error (MSE) of 0.1986 % with respect
to the ideal fitting function. This characterization allows calculating an approximation of
the pulse duration time by using the time-bandwidth product limit for a sech? pulse-shape:
AtAv < 0.315. Hence, we obtain that an estimation of the pulse duration time for the case
in which the 3-dB linewidth was 21.8 nm, is At = 117 fs. Finally, in the Fig. Figure 5.4c is
shown a temporal measure for the USPL after the 10-GHz PIN photo diode detection. In this
figure is evidenced the pulsed performance of the optical source, obtaining a fundamental
Pulse Repetition Rate (only one pulse per round) f = of 41.18 MHz, according to expect
round-trip time for a cavity with 4.86 m length.

5.2.3 Stability analysis

The spectral stability over the time, in terms of transmitted power, wavelength and 3-dB
bandwidth, is a fundamental requirement to be fulfilled in WDM-PON systems because of
the following: (1) if the power fluctuations are very high, the power of the transmitted signal
may be insufficient to reach the minimum receiver sensitivity to achieve a target BER (such
as 107?). (2) If the emitted frequency fluctuates in a value comparable to the channel spacing,
it can result in carrier hopping. This carrier hopping decreases the transmission performance
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Figure 5.5. Spectral stability measures. a) Polarization state 1. b) Polarization state 2.

due to optical crosstalk. (3) The 3-dB bandwidth controls the number of optical carriers
available in the WDM system, which need to be a well-defined number. If the number of
carriers is reduced by these bandwidth fluctuations, the total system capacity will decrease

as well.

Table 1: Statistical measurements of the USPL’s spectrum using 2 different polarization states

Ppeak FWHM )\peak 7 Ppeak FWHM )\peak
[pW]  [om]  [nm] [pW]  [om]  [nm]
o 2452 159 1557.7  0.9996 o 22 21.6 1558.6  0.9988
o 046 0.25 0.2 0.0002 o 035 0.14 0.31 0.0007
o* 049 0.28 0.25 NA o* 042 0.33 0.42 NA
(a) Polarization state 1 (b) Polarization state 2

Fig Figure 5.5a and Fig. Figure 5.5b shows a 3D representation of the power spectrum
measurements of the USPL taken at one-hour time intervals for 2 different polarization states.
In order to measure the spectrum variations over the time, three parameters: peak power
Ppeqr,, FWHM, and peak wavelength A, were measured and statistically analyzed. The
Table 5.1a and the Table 5.1b show the mean u, standard deviation regarding the mean value
o, and the standard deviation regarding the first spectral measure o*. Additionally, in order
to compare the mean spectrum shape regarding the initial spectrum, the Pearson correlation
coefficient r was calculated. In both cases, the variations with respect to an average spectrum
and to the initial measurement were at least 50 times smaller than the mean value of the peak
power. In the case of Pearson correlation, the mean Pearson coefficient 7 for polarization
states was approximately 1, with a p-value of 0. These results show that the peak power,
the FWHM, \,..,, and spectrum shape were considerably stable even for different states of
polarization.

5.3 Transmission performance analysis

To analyze the behavior of the USPL as a multi-wavelength source in a WDM-PON system, it
is necessary to define several fundamental factors according to this type of optical network:
(1) channel spacing, (2) transmission distance, (3) transmission rate, (4) optical carrier
power, and (5) the optical carrier bandwidth.
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According to the standard ITU-T G.989.2 (NG2 — PON), which regulates WDM-based
passive optical networks (PON), these WDM-PON networks are expected to have lengths
between 20 and 40 km, symmetrical channels with bit rates up to 10 Gbps per lambda (be-
tween 4 and 8 wavelengths depending on the duplexing technique), and a channel spacing
equal to a multiple of 6.25 GHz [6]. Then, the power of the optical carrier must be sufficient
to achieve a minimum sensitivity value in the optical receivers, and the bandwidth of the
transmitted signal should be adequate to not generate interchannel interference. Thereby,
to get an idea of power requirements in real scenarios, we follow the I'TU-T G.989.2 rec-
ommendation. We considered the minimum transmission power: 0 dBm, which is proposed
for an optical distribution network class N1 (Maximum optical loss below 29 dB). On the
other hand, the condition of the optical carrier bandwidth can be guaranteed due to the
optical comb behavior of the pulsed laser spectrum, in which the resulting optical combs do
not overlap between them (regardless of spacing). However, for a direct modulation, a rate
of 10 Gbps Nyquist pulses are needed to be considered with channel spacing of 12.5 GHz,
otherwise the bandwidth of the modulated signal will exceed the channel spacing generating
interchannel interference.

Due to the USPL presents a time-domain periodic waveform, its spectrum presents a
comb-shape with comb-lines separated from each other an amount equal to its repetition
rate (according to the Fourier analysis) [80]. Therefore, in order to have a CW carrier
suitable to be externally modulated in an On-Off Keying (OOK) format, it is necessary to
guarantee only one comb-line per channel, and for this the USPL repetition rate must be
tuned to match a channel spacing value according to ITU-T G.694.1. Experimentally, it
is possible to tune the pulsed laser’s repetition rate in the order of GHz using an external
mechanism such as a phase modulator. For example, configuration hybrid mode-locked
erbium fiber laser with a 40 GHz phase modulator and graphene on D-shaped optical as
SA was reported [81]. However, since the pulse width does not change substantially when
an external modulator is introduced into the laser’s cavity (even for different modulation
rates) [82], in our simulation interface this pulse repetition rate control system consists of
repeating the optical pulse, obtained from the experimental data, with a frequency equal to
the channel spacing.
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Figure 5.6. WDM-PON simulation setup.
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5.3.1 Simulation setup

Fig. Figure 5.6 shows the simulation setup proposed to implement the multi-wavelength
source based on the experimental measurements of the pulsed laser spectrum, and numeri-
cally analyze its performance in a WDM-PON system. Each step of this simulation process
is described as follows: (1-2) Pre-processing of the experimental optical spectrum, includ-
ing normalization and up-sampling the power spectrum, which allows control of the laser
power scale and the spectral resolution, respectively. The mean optical power was tuned to
2 mw (see section 5.2.1) and the up-sampling was performed to analyze the optical spectra
in comb form, even for a repetition rate of the order of MHz (about 6 x 10° samples for
an 80 nm window). (3) Application of the inverse Fourier transform over the pre-processed
spectrum in order to obtain the time domain waveform of a single optical pulse (using Mat-
lab). Additionally, the pulse duration time for the temporal shape was validated using the
time-bandwidth product limit for a Sech? pulse shape (see section 5.2.2). (4) To obtain a
comb-shape spectrum with comb-lines spaced according to ITU-T G.694.1 was emulating a
12.5 GHz pulse repetition rate. (5) Loading the resultant periodic waveform in the software
VPItransmissionMaker ™. At this stage, it is necessary to take into account the pulsed
laser noise. For this purpose, we experimentally measured the radio frequency (RF) noise
using a PIN photodiode and an RF spectrum analyzer, obtaining the spectrum shown in
Figure 5.7 which exhibited an electrical signal-to-noise ratio (SNR) of 68 dB in fundamental
mode, typical value in this type of sources [64] (6) Amplification and spectral separation
of each comb-line using an EDFA and a 12.5-GHz-spacing optical DEMUX with a 3-dB
bandwidth of 6.25 GHz, respectively. For the amplification stage, the optical gain was tuned
for achieving at least 1 mW power for each filtered comb-line. (7) Transmission evaluation
at 2.5 and 10 Gbps using external modulation over a Standard Single Mode optical Fiber
(SSMF) with distances up to 60 km. This external modulation is applied over each filtered
comb-line using Mach-Zehnder Modulators (MZM) driven by square root Nyquist pulses in
Non-Return-to-Zero (NRZ) format and 2 different bit rates: 2.5 and 10 Gbps. (8) Demulti-
plexing the optical signal, (9) optical-to-electrical conversion using a PIN PhotoDiode (PD),
and finally (10) demodulation and Bit Error Rate (BER) estimation.
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5.3.2 Results and discussions

In this section, the simulated transmission performance of the multi-wavelength source, based
on a spectrum sliced USPL, is analyzed.

The Fig Figure 5.8 shows a comparison between the experimental power spectrum, and
the power spectrum obtained using the simulation setup proposed in the section 5.3 (Up to
stage 6). It can be appreciated that there are some differences in both spectra, which is due
to the fact that the inverse Fourier transform is applied over the power optical spectrum
of the signal. This means, according to the Fourier analysis properties, that the result of
the inverse Fourier transform is actually the autocorrelation function of the pulse, not its
time-domain waveform. However, being a sech? waveform, the auto-correlation function
and the time waveform have the same shape, with small differences in those regions of the
spectrum where there are distortions due to the periodic losses in the cavity (dispersive
waves). However, considering the spectrum shape for a spectral a 3-dB spectral width, it
can be observed that them do not present considerable differences: < 0.8 nm. This means
that the pulse’s shape, its duration time, and the number of optical carriers obtained from
the simulation-interface do not present considerable differences regarding the experimental
ones, and therefore the USPL’s performance as multi-wavelength source can be numerically
analyzed as a good real case approximation.

For the transmission performance test, it was considering a single carrier (resulting after
the spectrum slicing stage) with an emission wavelength of 1558.6 nm, and in order to
compare its transmission performance regarding an ideal case, an external modulated laser
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with the same power, bandwidth a bit rate conditions were simulated. The Fig Figure 5.9a
and the Fig Figure 5.9b show the results of the transmission performance in terms of the
BER as a function of the fiber length for two different Optical Signal to Noise Ratio (OSNR):
12 dB and 18 dB. As expected for an optical carrier with a 3-dB bandwidth less than 100
MHz and a bit rate of 2.5 Gbps, an error-free transmission over a distance range of 20 to
60 km is always possible, even for relatively low OSNR values: 12 dB, whereas for 10 Gbps
a successful transmission is not achieved with this OSNR value. Moreover, in the case of
a bit rate of 10 Gbps and 18 dB OSNR, it was possible to achieve error-free transmissions
for distances of less than 30 km, which is within the coverage range imposed by the WDM-
PON standards. Additionally, it was also possible to observe that penalty of distance of
multi-wavelength source in comparison with the ideal laser was less than 6 km.

On the other hand, the Fig Figure 5.10a and the Fig Figure 5.10b shows the performance
transmission results in terms of BER as a function of the OSNR. In these curves, it can be
evidenced the transmission performance difference between both optical sources: the ideal
laser and USPL-based multi-wavelength source, for 2 fixed transmission distances: 20 km
and 60 km, and 2 different bit rates: 2.5 and 10 Gbps. For all cases, it was found that for
the HD-FEC BER threshold (3.8 x 1073) the performance difference is negligible, and that
considering the error-free BER threshold (107) the OSNR penalty is less than 0.5 dB, even
for the 10 Gbps case.

The transmission performance difference between both sources can be explained by con-
sidering the waveform of the optical carrier resulting after the spectrum slicing stage. Since
the optical MUX/DEMUX used to filter each comb-line of the USPL allows a fraction of
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Figure 5.11. Time-domain wave form (simulation).
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the spectral components to pass from the adjacent channels, the resulting waveform for each
carrier is not completely CW, but maintains a ripple around a DC level, as shown in figure
Figure 5.11. This ripple is greater at the USPL-based multi-wavelength source than at the
ideal laser, so the noise and distortions in the modulated data are greater as well, which
negatively affects the transmission performance.



Chapter 6

Conclusions and Future Work

6.1 Conclusions

An optical colorless transmitter based on an InGaAsP Fabry-Perot Laser Diode was designed
to support longitudinal modes spaced according to the ITU-T G.694.1 recommendation for
WDM-PON systems: Multiples of 12.5 GHz. In this case, it was proposed a colorless
transmitter with longitudinal modes spaced at 100 GHz.This way, the commercial available
Mux/Demux can be used to both separate or join the optical channels, and spectrally slice
the ASE broad band source used for seeding the FPLD emission wavelength

Since this colorless transmitter approach proposes an architecture that uses a spectral
sliced ASE-carrier to seed the laser emission wavelength (the carrier is injected in the FPLD),
a cavity with the low-reflective configuration in the frontal facet is necessary to decrease
the power requirement to achieve a SMSR above 30 dB. However, while decreasing the
reflectivity of the cavity front reduces the injection power requirement for an SMSR target,
it also reduces the coherence, and therefore increases the chirp of the optical source.

Thus, after analyzing the impact of reflectivity on the required injection power and source
chirp, it was determined that with a 10/90 reflectivity configuration (front-facet/back-facet)
it is possible to obtain good trade-off between the power requirement to achieve 30 dB SMSR
and the source chirp. The result shows that to achieve an SMSR of 30 dB, injection powers
of less than 300 ©W are required, which represents only 10% of the average power established
for transmitting in WDM links. On the other hand, with this configuration the frequency
variance over time remains below 12 GHz, which is less than the 3-dB bandwidth for a single
longitudinal mode. In addition, in terms of SMSR and injection power requirement, the
performance of the colorless transmitter showed a dependence on bandwidth of the seeding
carrier. Thereby, if the 3 dB bandwidth of the seeding optics exceeds the 3 dB bandwidth
of a single longitudinal mode by more than 10 GHz, the injection power requirement is
increased to achieve a 30 dB SMSR. This behavior is explained by considering the mode
formation in a resonant cavity: The boundary conditions of a resonant cavity impose that
only the frequencies corresponding to the round-trip phase shift can exhibit gain because
of the feedback. If the seeding carrier has frequency components that do not match this
condition, they will not be amplified and will not contribute to the formation of the mode.

In the transmission performance test for the colorless transmitter based on this low-
reflective FPLD, it was possible to achieve error-free transmissions (BER of the order of
1079) for fiber lengths up to 36 km, using a direct NRZ modulation at 2.5 Gbps. Besides,
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a transmission performance comparison between an external modulated DFB laser with a
3-dB bandwidth of 16 GHz, and the narrowest wavelength seeding carrier (12.5 GHz) showed
a distance penalty of 7.2 km and 7.8 km for the transmission case using the central mode
and the 400 GHz shifted side mode, respectively. Consequently, even if in the worst case
(seeding carriers with a 3-dB bandwidth of 50 GHz) it is possible to have distance penalties
of up to 17 km with respect to the externally modulated DFB, the cost of implementing a
direct modulation scheme is much lower than that of an externally modulated scheme (more
than 2 digits). In addition, DFBs are generally more expensive than FPLDs, which are the
simplest transmitters available, therefore, the implementation of this FPLD-based colorless
transmitter in a low-cost WDM PON system could have a good trade-off.

In addition, if seeding carriers with bandwidths below 25 GHz, and power of at least
200 uW are considered, it is possible to obtain at least 8 optical carriers spaced 100 GHz
apart, which is the minimum stipulated by the NG2-PON standard. However, it should be
noted that to guarantee this behavior, it is necessary that the bias current is less than 60
mA. In fact, decreasing the bias current can increase the number of available carriers, since
it reduces the center mode gain and reduces the power requirements for 30 dB SMSR.

Besides, the performance of the transmission was compared to an FPLD such as are
currently available on the market. As expected, the spacing between longitudinal modes
does not necessarily match the standardized channels for WDM networks. Furthermore,
because these devices do not normally use reflective films at the ends of the cavity (which is
why they are so inexpensive), the reflectivity is typically on the order of 32 %. This implies
that the power requirement to achieve a target SMSR is larger with respect to the designed
colorless transmission: more than 700 uW in the worst case, which is unfeasible considering
that it is comparable to the mean transmission power standardized for WDM networks.

On the other hand, regarding USPL as a possible seeding source in a colorless system
with or without carrier reuse, we demonstrated that it is possible to obtain multi-wavelength
source in a spectral region of 21.8 nm, which allows up to 50 optical carriers when considering
a channel spacing of 100 GHz. In contradistinction to MZM-based configurations, which
generate optical carriers only in a spectral range around 12 nm [71]. Moreover, we probed
that it is possible to perform error-free transmission over 20 km using NRZ modulation
at 2.5 GHz, and 10 Gbps it is possible under the FEC limits. Thus, these results proved
that it is possible to use this source in a colorless system with carrier re-use even at high
transmission speed. Finally, the fabrication process of EDFL and the graphene-based SA is
relatively simple, and does not need the special care required by various materials such as
black phosphorus, which can easily become oxidized in an uncontrolled environment.

6.2 Future Work

The modulation bandwidth of an FP laser is typically in the order of 2.5 GHz, so transmitting
at 10 Gbps (expected value per carrier in NG-PON2) is not an option if an OOK modulation
format is used. Thus, to meet the transmission rate recommended by the ITU-T standards,
it is necessary to analyze a simple multilevel modulation format that is based on direct
detection, such as M-PAM.

Generally, in low-cost Fabry-Perot lasers, no external mirrors are required, since the
two split facets of the laser act as mirrors, obtaining a reflectivity of 32 % in both final
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facets. However, the cavity configuration we propose requires modifying these reflectivity
values. Therefore, it is necessary to study which fabrication methods allow modifying these
reflectivity values without compromising the cost-benefit ratio of the colorless source. At this
point it should be taken into account that although the reflectivity of the rear facet of the
cavity can reach a reflectivity of 32 %, according to our analysis it is advisable to use a 10/90
% configuration. However, it is worthwhile to perform an experimental implementation of
the colorless WDM network, using the designed FPLD laser, to learn the limitations of the
system and its performance in a real scenario.

Finally, it is necessary to compare the performance of the designed colorless transmitter
when tuned using the proposed sources: the SLED and the USPL-based multi-wavelength,
in order to analyze how the coherence of the seeding sources affects the transmission perfor-
mance of the colorless transmitter.
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