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summary

Spectrum-sliced incoherent light (SSIL) sources have been considered as a promising
candidate for wavelength-division-multiplexed (WDM) passive optical networks (PONS)
owing to its advantages of low implementation cost, excellent wavelength stability, and
considerable flexibility. In these light sources, a broadband thermal-like light (e.g.,
amplified spontaneous emission (ASE)) is spectrally sliced into numerous lights at
different wavelengths. Then these wavelength-specific spectrum-sliced lights are used as
continuous-wave light sources and fed into optical modulators in each channel of the WDM
PON.

However, the widespread implementation of SSIL sources is restricted by its pre-
dominant excess intensity noise (EIN). This high-intensity noise is induced through the
spontaneous-spontaneous beating between numerous SSIL components at different
wavelengths. It is shown that the signal-to-noise ratio (SNR) of the unpolarized SSIL
source is governed by B,/B,, where B, is the optical linewidth of the SSIL source and B,
is the electrical bandwidth of the receiver.

To cope with the large EIN, various techniques have been investigated. These
techniques include all-optical methods such as using a gain-saturated (GS) semiconductor
optical amplifier (SOA) or intra-channel four-wave mixing (FWM) technique, and optic-
electronic method such as feedforward noise cancellation technique. Nevertheless, in the
previous studies, a large B, is a common practice to accommodate high-speed signals

(typically wider than 0.4 nm to accommodate 10-Gb/s signals). This is because that a larger



B, could result in better SNR regardless of whether the EIN-suppression techniques are
utilized or not. On the other side, a large B, reduces the spectral efficiency of the WDM-
PON systems and eventually, does not help to improve the system capacity. Additionally,
a large B, also makes the optical signal susceptible to frequency-related effect (e.g. fiber
chromatic dispersion and optical filtering effect).

In this thesis, an ultra-narrow SSIL source is to dramatically improve the system
capacity and boost the tolerance to fiber dispersion and optical filtering effect. In the
transmitter, a wideband ASE emitted from an erbium-doped fiber amplifier (EDFA) is
spectrally sliced through a fiber Fabry-Perot (FFP) filter. This FFP filter has 700-MHz
bandwidth and 102 GHz free spectral range. Then the ultra-narrow SSIL sources are
selected by an array waveguide grating for multiple channels at different wavelengths. In
each channel, a GS-SOA was utilized to suppress the inherent EIN inside the SSIL. After
the EIN-suppression, these EIN-smoothed SSIL sources could be utilized as continuous-
wave light sources in the WDM transmitters.

In Chapter 3 of this thesis, the optimum linewidth of the SSIL source is investigated.
Both experimental and simulation studies have been carried out on using the SSIL sources,
which have the optical linewidth over a wide range. The simulation results demonstrate
that there exist two windows of the linewidth for high-speed transmission using SSIL
sources: ultra-narrow (i.e., the linewidth is much narrower than the receiver bandwidth)
and ultra-wide (i.e., the linewidth is much wider than the receiver bandwidth). However,
in the ultra-wide window, the 10-Gb/s signal suffers severely from the degradation induced
by the fiber chromatic dispersion and optical filtering effect. These results are also

confirmed by the experimental results, where an FFP filter having an ultra-narrow
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bandwidth (bandwidth is 700 MHz) and a bandwidth-tunable optical filter (bandwidth
ranges from 20 to 53 GHz) are utilized to change the SSIL linewidth over a wide range.
Considering the system capacity and the longest transmission distance (without dispersion
compensation), the optimal linewidth of the SSIL source is in the ultra-narrow window
(less than 700 MHz). To provide comprehensive analysis, this section also investigates the
drawbacks of the ultra-narrow SSIL source, compared to the SSIL with linewidth larger
than 20 GHz. For instance, the spectrum-slicing loss is discussed, the tolerance to in-band
crosstalk and the requirement of the SOA input power for sufficient EIN suppression in
this chapter.

In Chapter 4 of this thesis, a novel technique is reported to reduce the EIN further and
improve the bit-error-rate (BER) performance of the signals using ultra-narrow SSIL
source. This method is realized by using the offset optical filtering. This chapter first shows
that a gain-saturated SOA introduces a negative correlation between amplitude and
frequency (or chirp) of the ultra-narrow SSIL signal. Through the offset optical filtering,
the filter edge at longer wavelength side can convert the SOA-induced chirp into amplitude
variation, produce the destructive interference with the existing EIN and eventually, reduce
the EIN further. For 10-Gb/s signals, this simple offset filtering can reduce the EIN-induced
BER floor by a factor of 2. As the BER is near the forward-error correction (FEC) threshold,
this BER improvement could be considerably enhanced after FEC decoding.

Chapter 5 investigated the performance of upstream transmission using ultra-narrow
SSIL in WDM-PON systems. In this chapter, | firstly demonstrated the upstream
transmission of 10-Gb/s signal, which is generated by a 700-MHz SSIL source, in a

loopback configured 20-km SSMF link. To show the feasibility of 320-Gb/s capacity using
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this SSIL source, this chapter also studied 25-nm wavelength operation of the 10-
Gb/s/channel upstream transmission. Second, to further improve the cost-effectiveness and
simplify the system architecture, the possibility of using an RSOA is also explored at the
transmitter, which exhibits color-free operation, direct modulation, optical amplification as
well as EIN suppression capability. Finally, the 5-Gb/s/channel upstream transmission
using an RSOA is experimentally demonstrated over a 20-km standard single-mode fiber
(SSMF).

In Chapter 6, the highest data rate of downstream transmission is experimentally
investigated using the ultra-narrow SSIL. This is the first time that SSIL could provide
service greater than 10-Gb/s/channel. The ultra-narrow spectrally pre-slicing, electronic
dispersion compensation technique, as well as the simple offset optical filtering, are
exploited to achieve 25-Gb/s/channel transmission. To investigate the remarkable
dispersion tolerance of ultra-narrow SSIL, this chapter also experimentally demonstrated
the longest transmission distance for the 10-Gb/s/channel signals without additional optical
techniques to compensate the chromatic dispersion. It has been shown that the transmission
distance can be longer than 50 km using the 700-MHz SSIL source with the help of
electronic equalization. This experimental result confirms that the SSIL having ultra-
narrow linewidth makes the signal less susceptible to fiber dispersion than the wideband
SSIL (linewidth larger than 20 GHz). The chromatic dispersion not only induces inter-
symbol interference but also breaks down the correlation between the SSIL components at
different wavelengths and eventually, restores the EIN. Due to the restored EIN, the simple

electronics equalization can only extend the reach by 25% for 10 Gb/s/channel signals.
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The findings of this thesis can help to implement high-speed (data rate higher than
10Gb/s/channel) WDM-PONSs with high cost-effectiveness by exploiting the ultra-narrow
SSIL sources. The ultra-narrow SSIL sources can provide color-free operation, low-cost
implementation, strong tolerance against optical dispersion, and the capability of
simultaneously generating multiple sources at different wavelengths. To reduce the EIN,

the gain-saturated SOA/ROSA can be exploited with the offset optical filtering.
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Chapter 1

Introduction

1.1 Overview

Within the last ten years, the Internet traffic grows rapidly with the high-bandwidth
applications such as high-definition television (HDTV), social networking, IP videos and
Internet telephony [1-3]. However, the access networks, which connect the service
provider’s central offices (COs) to the residential and businesses subscribers, have not
scaled up commensurately and eventually become the principal limitation for broadband
services [3-7]. Unlike long-haul networks where enormous cost can be affordable by the
volume, optical access networks require low costs and economically viable network
management. Wavelength-division multiplexing passive optical network (WDM-PON),
exhibiting large capacity, excellent security, and considerable flexibility, has thereby been
considered as a promising candidate for meeting the booming demand for the access
networks [3-10].

However, the widespread deployment of WDM-PONSs has been hindered mainly by the
relatively expensive implementation and maintenance costs of wavelength-specific light
sources [3]. To reduce the implementation cost, the spectrum-sliced WDM-PON have been
proposed [11-12]. In the spectrum-sliced WDM-PON, a single broadband thermal-like
light is spectrum-sliced into numerous incoherent lights, each having a distinct center
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wavelength. Then these spectrum-sliced incoherent lights (SSILs) are divided into multiple
channels by a demultiplexer, and employed as continuous-wave light sources for WDM-
PON. Besides the low cost of the transmitter side, the colorless operation significantly
reduces the replacement stock inventory requirements. Thus, the WDM-PON utilizing
SSIL sources has been approved as an international standard for the optical access network
at 1.25 Ghb/s-per-channel data rate [13].

Nevertheless, the performance of the system using SSILs is significantly limited by its
inherent excess intensity noise (EIN). This high-intensity EIN is generated from the
spontaneous-spontaneous beating between the SSIL components at different wavelengths.
According to the square-root law, the achievable signal-to-noise ratio (SNR) of an
unpolarized SSIL is governed by B,/B,, where B, is the linewidth of the unpolarized SSIL
and B, is the electrical bandwidth of the receiver [11, 14, 15]. As a result, the SSILs were
mainly used for the demonstration of WDM-PONSs operating at speed lower than 10
Gb/s/channel.

The remaining sections in this chapter address the motivations, objectives, and

organization of this thesis

1.2 Literature review

The operation of SSILs at 10 Gb/s/channel and higher data rate is challenging [14-19]
and faces several problems: the large inherent EIN [14-19], the limited bandwidth capacity

and the low tolerance to chromatic dispersion [20] and optical filtering effect [21-23]. In



particular, the large EIN primarily limits the performance of the WDM-PONs utilizing
SSIL sources [14-15].

To address this inherent EIN, various EIN-suppression schemes have been proposed.
In the optoelectronic compensation system [24], a radio-frequency circuit is used to detect
the forward propagating light and subtract out the intensity fluctuation from the light source.
However, this associated circuitry requires precise gain and phase matching which
intensively increases the system complexity and implementation cost.

One of the all-optical schemes [25] is using the intra-channel four-wave mixing (FWM)
effect, which could significantly broaden the bandwidth of the received optical signal, and
thus reduces the EIN. This FWM effect was produced through a high-power EDFA
associated with 20-km dispersion-shifted fiber.

Another all-optical scheme [17, 26-34] is based on the nonlinear amplification of a
semiconductor optical amplifier (SOA). The intensity fluctuation of the transmitted light
signal could be suppressed through the nonlinear amplification of a gain-saturated SOA,
especially at the frequency lower than the SOA bandwidth [28, 29]. Compared to other two
schemes, this scheme is more cost-effective and compact in size. Furthermore, the SOA
could be utilized simultaneously for both amplification and modulation, and thus provide
further cost saving [33, 35].

Nevertheless, at the outset of my Ph.D. study (July 2012), a large B, (typically wider
than 0.4 nm) is a common practice to accommodate the high-speed signals in the WDM
PONs, where the SSILs are utilized as light sources regardless whether the EIN-
suppression techniques are employed or not [36, 37, 18, 19]. The use of large B, not only

limits the capacity of the WDM-PON systems but also makes the signal susceptible to fiber
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chromatic dispersion and narrow optical filtering [20-23]. Due to the limited bandwidth of
the SOAs (typically less than 3 GHz [17, 29]), the SOA-assisted system cannot sufficiently
suppress the EIN at high frequency. Moreover, large optical linewidth of the SSIL also
results in poor spectral efficiency and eventually limits the capacity of WDM-PON. Except
for the preliminary experiments of spectrum-slicing WDM-PON, there still exist open
questions such as the optimum linewidth of the SSIL for WDM-PON systems, more
effective EIN suppression and so on.

This thesis first presents a comprehensive study on the optimum linewidth of the SSIL
used for WDM-PON systems [32], considering the efficiency of EIN-suppression as well
as the tolerance to optical filtering effect, chromatic dispersion, and in-band crosstalk.
Regarding these factors, an SSIL source with an ultra-narrow linewidth (less than 600 MHz)
shows tremendous advantages: strong dispersion tolerance, excellent bandwidth efficiency
and high cost effectiveness. Based on the SSIL having ultra-narrow linewidth, a novel
technique is also investigated to reduce the EIN of the ultra-narrow SSIL. The system
experiments reveal that the nonlinear operation of the SOA could introduce a negative
correlation between the intensity and phase of the SSIL light [38]. Using offset optical
filtering could help to reduce the EIN at the expense of extra insertion loss (about 1 dB) of
an optical filter. Thus, this scheme can improve the performance of the SSIL source cost-
effectively without requiring additional components. Finally, this thesis presents the
experimental demonstrations of high-speed WDM PON systems using the ultra-narrow
SSIL and offset filtering technique in the following two chapters. In the upstream and
downstream experimental demonstration, the highest data rate has been achieved for the

optical signals using SSIL sources.



1.3 Objectives of the thesis

The SSIL sources has long been recognized as a promising solution for the light sources
of WDM-PONSs owing to their high cost-effectiveness and capability of generating multiple
wavelength lights simultaneously. However, the widespread deployment of such systems
has been hindered mainly by the high-intensity EIN. To solve this issue and improve the
performance of this light source, the technical objectives have been listed as below.

First of all, the optimal linewidth of the SSIL is investigated in this thesis. Although the
SNR of the signal using SSIL is proportional to the optical linewidth of the SSIL, large
SSIL linewidth would make the signal susceptible to the chromatic dispersion and reduce
the available system capacity. Therefore, it is required to evaluate the optimal spectral-
slicing linewidth for the WDM-PONSs. The optimum optical linewidth of the SSIL should
be able to obtain the most efficient EIN suppression, highest bandwidth efficiency, strong
tolerance to the in-band crosstalk, and reasonable power consumption.

Secondly, novel techniques are required to reduce the EIN of SSIL. Although a couple
of techniques have been reported to reduce the EIN of SSIL, both of these techniques
cannot suppress the EIN sufficiently for the transmission at the rate higher than 10
Gb/s/channel. Therefore, it is required to discuss the novel technical schemes to suppress
the EIN further for higher speed transmission using SSIL.

Finally, it is preferred to experimentally analyze the performance and limitations of the

WDM-PONs using SSIL sources both in downstream transmission and upstream



transmission. Through the experiments, this thesis could investigate the highest available

capacity as well as the limitations in the WDM-PONSs using SSIL sources.

1.4 Contributions of this thesis

First of all, this thesis successfully introduces the principles and restrictions of using
the SSILs as the light sources in WDM-PONs. The key features and essential
characteristics of SSILs are presented with specific emphasis on the relationship between
the noise intensity level and the spectral profile of the SSIL. The main hurdle of the SSIL
is its inherent large EIN. Thus, the EIN-suppression schemes are also reviewed including
the principles, advantages as well as the limitations.

Then, the optimum linewidth of the SSIL for WDM-PONSs are also investigated. To
obtain the best SSIL linewidth for the maximum capacity and longest transmission distance,
various characteristics have been evaluated. For example, this thesis has evaluated the EIN-
suppression efficiency as well as the tolerance to chromatic dispersion, optical filtering
effect, and in-band crosstalk. Both experiments and simulations have been studied on the
transmission performance of a 10-Gb/s on-off keying (OOK) signal in the system using
SSIL, which has linewidth over a wide range. These results show that there are two
available windows of linewidth for high-speed transmission using SSIL source: very broad
(i.e., the linewidth is much wider than the receiver electrical bandwidth) and ultra-narrow
(i.e., the linewidth is much narrower than the receiver electrical bandwidth). However, the
SSIL source with extreme wide linewidth would render the signal extremely susceptible to
the chromatic dispersion and optical filtering effect. On the other side, the SSIL having

ultra-narrow linewidth shows advantages on the system capacity and transmission distance.
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Compared to the conventional wide-linewidth SSIL, ultra-narrow SSIL source also
presents a couple of drawbacks, such as a large spectrum-slicing loss, a relatively high
SOA input power requirement for sufficiently EIN suppression, and the susceptibility to
in-band crosstalk.

To further alleviate the EIN of ultra-narrow SSIL signals, a novel technique has been
proposed and experimentally demonstrated. According to the measured experimental data,
a gain-saturated SOA creates a negative correlation between amplitude variation and
frequency (or chirp) of the ultra-narrow SSIL signals. Based on this correlation, using
offset optical filtering could convert the frequency variations into amplitude variations,
which are the destructive interferences with existing EIN in the ultra-narrow SSIL signals.
This offset optical filtering scheme provides benefits on the cost effectiveness as well as
the implementation complexity while the error floor is reduced by a factor of 2. Since the
error level is close to the forward-error correction (FEC) threshold, this performance
benefits offered by offset optical filtering could be greatly enhanced after FEC decoding.

Last but not the least, this thesis have experimentally demonstrated the upstream
transmission and downstream transmission using the ultra-narrow SSIL and investigated
the limitations. In the upstream transmission, 10-Gb/s/channel signals have been
transmitted over 25-nm wavelength range to show an available capacity of 320-Gb/s in C-
band window. Then to further improve the system cost advantages and low-complexity
benefits, reflective semiconductor optical amplifiers (RSOAs) is also utilized as a
modulator as well as an EIN suppressor in the transmitter side to transmit 5.35-
Gb/s/channel upstream signal. In the downstream transmission, the 10-Gb/s ultra-narrow

SSIL signal has been experimentally transmitted over 50-km SSMF link with the assistance
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of an electronic equalization. This is the first time that the electronic equalizer is utilized
for the incoherent signal. Then a 25-Gb/s/channel spectrum-sliced WDM-PON is
demonstrated with the help of offset optical filtering and electronic equalization. This is
the first time, to the best of our knowledge, SSIL could provide service at the rate greater

than 10-Gb/s/channel.

1.5 Thesis outline

This thesis consists of seven chapters which are organized in a logical structure as
follows:

Chapter 1 presents an overview of this thesis including the research objectives and the
contributions.

Chapter 2 reviewes the relevant literatures on SSIL-based WDM-PON systems. First,
Section 2.1 presents the key features and essential characteristics of SSILs, with particular
emphasis on inherent EIN in SSIL. Second, Section 2.2 reviews the EIN-suppression
schemes including the principles. The following parts discuss the limitations of the EIN-
suppression schemes.

In Chapter 3, the optimal linewidth of the SSIL source using a gain-saturated SOA is
investigated. This optimal linewidth of the SSIL is analyzed according to the available
capacity and the transmission distance. Various characteristics have been evaluated,
including EIN-suppression efficiency as well as the tolerance to chromatic dispersion,

optical filtering effect, and in-band crosstalk.



In Chapter 4, a novel technique has been discussed, which can alleviate the EIN and
improve BER performance of the system using ultra-narrow SSIL source. A gain-saturated
SOA could create a negative correlation between amplitude modulation and frequency
modulation of the ultra-narrow SSIL signals. Based on this unique characteristic, the offset
optical filtering could convert the frequency variations into amplitude variations. Thus, this
offset optical filtering could create the destructive interferences with existing EIN in the
ultra-narrow SIL signals and reduce the existing EIN.

In Chapter 5, the upstream transmission with ultra-narrow SSIL in WDM-PON systems
is experimentally investigated in this chapter. 10-Gb/s upstream signals are generated by
using an ultra-narrow SSIL source, and transmitted over 20-km standard single-mode fiber
(SSMF) in a loopback configuration. To further enhance the system cost advantages and
low-complexity benefits, an RSOA is also utilized as a modulator and an EIN suppressor
in the transmitter side for the 5-Gb/s upstream transmission.

In Chapter 6, the downstream transmission using ultra-narrow SSIL is demonstrated.
To demonstrate the strong dispersion tolerance of the ultra-narrow SSIL, the 10-Gb/s ultra-
narrow SSIL signal has been experimentally transmitted over 50-km SSMF link with the
assistance of an electronic equalization. Then, a 25-Gb/s/channel spectrum-sliced WDM-
PON is demonstrated with the benefits of the ultra-narrow linewidth of SSIL, offset optical
filtering, and electrical equalization. This is the first time, to the best of our knowledge, the
WDM-PON utilizing SSIL source could provide service at the rate greater than 10-
Gb/s/channel.

The Chapter 7 summarizes the research findings of this thesis and suggests future works.
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Chapter 2

Fundamental Theory of SSIL Source

In this chapter, an overview of the SSIL source is presented in details, including the
basic principles of the SSILs, the inherent EIN limitation, the EIN-suppression techniques
and the related restrictions of these techniques.

The following content is organized as below: Section 2.1 introduces the fundamental
principles of the SSIL sources. Moreover, section 2.2 illustrates the main constraint to the
SSIL source. In section 2.3, the EIN-suppression techniques have been studied, including
using the intra-channel FWM, gain-saturated SOA as well as the feedforward noise
reduction (FFNR) techniques. Section 2.4 mainly studies the influence of optical dispersion
on the EIN-suppression using gain-saturated SOA, separately. Finally, some conclusions

are drawn in section 2.5, and some possible future problems are identified

2.1 Overview

Recent achievements in optical amplifiers result in the attraction of wavelength-division-
multiplexed (WDM) systems for both long-distance transmission and local-loop
applications [3, 5, 6]. However, WDM systems require multiple numbers of transmitter
light sources, which operate at individual wavelengths. The transmitter light sources should

be controlled to operate at specific wavelengths during the system's lifetime. Therefore,
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these wavelength-selected laser sources would significantly increase the system cost and
complexity. For cost-sensitive WDM-PON applications, using wavelength-selected
transmitter lasers for each channel is not practical. So the issue is how to implement the
light sources in a cost-effective manner.

There have been a few attempts to overcome this problem by using broadband light
sources. In the early stages, light-emitting diodes (LEDs) were utilized for the SSIL sources
[39-41]. For example, the broadband light from 1.3-pm LEDs or super-luminescent diodes
(SLD's) was spectrum-sliced by using grating-based demultiplexers and was employed in
WDM systems. However, the transmission rates were limited to 2 Mb/s-150 Mb/s over
distances less than 7 km because of the insufficient power inherent in LEDs [11].

However, optical fiber amplifiers (e.g. EDFAS) have been a promising solution, which
could emit high-power amplified spontaneous emission (ASE) output [42] without any
input. Hence, spectrum slicing through an erbium-doped fiber amplifier (EDFA) becomes
more attractive. It can simultaneously generate multiple-channel light sources. Compared
to the spectrum-sliced coherent light source, it requires neither a short pulse generator nor
a high-power optical amplifier [42]. As SSILs have a large optical linewidth, they are
robust against optical reflections as well as the fiber nonlinearity [43]. As a result, the
SSILs have long been considered as a promising solution for transmitter sources of WDM-
PONs. Despite these considerable advantages of SSILs, only recently have they been
considered for WDM-PON:Ss.

While many details of an SSIL source are complex, the basic concept of the SSIL source
is quite simple. In such a scheme, a wideband ASE originates from an optical amplifier and

is then sliced into multiple channels at different wavelengths by utilizing an arrayed
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Figure 2.1 A schematic diagram of using spectrum-sliced incoherent light sources as

multichannel WDM light sources. Reprinted with permission from reference [11].

waveguide grating (AWG). In each channel, the SSIL can be used as an optical source for
data modulation. Compared to the wavelength-selected laser sources for each channel,
these SSIL sources significantly enhance the cost effectiveness of the WDM PONs [11,
12].

Figure 2.1 shows the schematic diagram of the spectrum-sliced WDM light sources.
The EDFA emits high-power (e.g. about 40mW [11]) ASE light as a broadband light source.
The following isolator is employed to prevent lasing. Then an AWG operates as a 1>N
WDM demultiplexer to split the broadband ASE into numerous SSIL sources and inject
these light sources into multiple WDM channels at individual wavelengths. In each channel,
the SSIL is modulated individually and eventually, multiplexed back into the SSMF via
the second AWG, which is operated as an N <1 WDM multiplexer. After passing through
the AWG at the optical network unit (ONU), the SSIL signals are split into different

channels and detected by the photodetector in each channel.
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2.2 EIN of the SSIL source

In spite of the advantages of the SSIL source, the system performance is severely limited
by its significant EIN, which arises from the spontaneous-spontaneous beating between the
SSIL components at different wavelengths during the direct detection processing.
According to [44, 45], the beating signals consist of two types of terms: an average term
and a variance term. The average term comes from the sum of the beating between the
components at the same wavelength while the variance part arises from the beating between
the light components at different wavelengths. When the SSIL source is employed as a
WDM light source, the average term is always considered as a carrier (non-time varying)
and the time-varying variance part is the inherent EIN of SSIL. These two terms can be

expressed as the following equations [44]:

2
I/%SE = (enmnsp (G - 1)B0) (1)
21% B,
I5-sp = ;:1550 (2)

Here, the term IZ:is the average signal and IZ,_sp is the noise variance, 7 is the quantum
detection efficiency, m is the number of polarization modes, G is the amplifier gain, nsp is
the spontaneous emission factor, B, is the optical linewidth of the SSIL source, and B, is
the electrical bandwidth, e is the electron charge. Thus, the SNR of ASE light at the receiver

can be calculated by the equation below [11]:
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2
SNR =42 (3)

125 sp+noc+IEh
The I%,,, and I3, are the noise power produced by the ASE shot noise and the receiver
electronics, respectively. In WDM systems utilizing SSIL sources, the spontaneous-
spontaneous beating noise becomes pre-dominant over electrical shot noise and thermal
noise and eventually, limits the total transmission capacity [11]. Neglecting the shot noise

and thermal noise, the equation becomes

mB,

SNR ~ - 4)

Where m is the amount of polarization statements, B, is the optical linewidth of an SSIL
and B, is the bandwidth of the electrical receiver. The detailed derivation of (4) is
illustrated in Appendix A.

Since the electrical noise is neglected, the Q-parameter at the receiver can be

12
Q =~ / IZASE = VSNR (5)
Sp—Ssp

Here, the term 12, is the signal power of the average term and 1Z,_sp is the noise power of

expressed as below [11]

the variance term. For Gaussian noise approximation, Q should be greater than 7.65 to
achieve the bit-error-rate (BER) lower than 1014, Thus, the corresponding SNR is about
60.

As previously discussed, the limitation of the inherent EIN could be overcome at the
expense of the system capacity, i.e., by reducing the bit rate of each channel or by

increasing the optical linewidth of the SSIL source (i.e. reducing the amount of available
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channels). As illustrated in [11], the B, is assumed to be 0.7 times the transmission rate.

Then the system capacity T is given by the following equation:

(6)
Here, the term B is the data rate in each channel, the term N is the number of available

channels in WDM system, and equals to %; Bg,s is the linewidth of the ASE emitted

from the EDFA, whose value is around 40 nm, and M is the multiplication factor given by
the WDM channel spacing divided by B,. According to (4), (5), and (6), the system
capacity is not dependent on the transmission rate of each channel (i.e. B,). The ultimate
value of T could be about 120 Gb/s if the channel spacing is allowed to be as narrow as B,
(i.e. M is 1). However, the realistic estimation of T would be about 40 Gb/s because the
channel spacing should be at least three times the B, (i.e. M is not less than 3) to avoid
inter-channel crosstalk.

Increasing the optical linewidth of the SSIL improves the signal quality at the
expense of the reduction of the amount of available channels in WDM system and hence,
cannot help to improve the system capacity. Moreover, the wideband SSIL would make
the signal susceptible to the frequency-related effects such as chromatic dispersion and
optical filtering effect.

Since the SNR expression is derived from the case using continuous wave (CW), the
optically-modulated scheme cannot be expected correctly [46]. Both of the electrical
receiver filter and the optical pulse shape have serious impact on the signal SNR [46]. For
the single-pole filter, the SNR increases monotonically for the most of the electrical signal.
Thus, when the EIN is pre-dominant, the optimum decision threshold should be well behind
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the signal peak. Therefore, to obtain the best SNR, it is better to make the mark duration
long enough. Thus, in this SSIL communications, small rise and fall times are required,

and the non-return-to-zero modulation format is recommended

2.3 Techniques for EIN reduction

Multiple techniques have been proposed to cope with the high-intensity EIN and improve
the capacity of WDM PONs. For instance, the optic-electronic method uses the FFNR
scheme [24] and all-optical methods utilize a gain-saturated SOA [17, 26, 31-34] or the
intra-channel FWM technique [25].

In the FFNR technique, the noise is reduced by detecting and subtracting out the
fluctuations of the SSIL signals. In the scheme of using gain-saturated SOA, the nonlinear
amplification of the gain-saturated SOA could help to amplify the SSIL intensity signal
nonlinearly, and smooth the intensity waveform. On the other side, the intra-channel FWM
method can reduce EIN by significantly broadening the bandwidth of the received optical

signal and hence, improve the SNR of the received signal.

2.3.1 Using feedforward noise reduction circuit for EIN suppression

Feedforward noise reduction circuit has been proposed as an optic-electronic method to
reduce the EIN within the SSIL. The noise is reduced by detecting and subtracting out the

fluctuations of the SSIL signals.
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2.3.1.1 Principle of the feedforward noise reduction
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Figure 2.2 A spectrum-sliced transmitter with feedforward noise reduction circuit [24]. The

SSMF is the standard single-mode fiber. Reprinted with permission from reference [24].

Figure 2.2 shows the schematic diagram of a spectrum-sliced transmitter incorporating
FFNR. The FFNR circuit is depicted in the dashed region, which consists of a 90:10 fiber
coupler, a tunable optical attenuator, a photodetector, an electrical gain controller and a
phase matching module. Firstly, a fiber coupler is used to tap off a fraction of the optical
incoherent light signal before modulation. Then EIN is detected by measuring the
excursions in the optical power above (overshoots) and below (drop-outs) the average
power within the FFNR circuit results. On the other hand, the remaining light is considered
as the primary signal, which propagates through the intensity modulator. Based on the EIN
detection, the FFNR circuit could revise the modulated data, which can be imposed on the
primary signal through the intensity modulator. This FFNR circuit could help to suppress
the primary signal at signal overshoots and enhance the primary signal at signal drop-outs
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and eventually, flatten the primary waveform. Since the average power is unaffected [24]
and the signal variance has been flattened, the SNR of the primary signal at modulator
output can be improved.

It is assumed that FFNR could ideally detect the SSIL fluctuation and subtract the
fluctuation. However, only subtraction of fields cannot be performed optically (through
interference) whereas subtraction of intensity is required for FFNR. To approximate the
intensity subtraction, an electro-optic modulator could be utilized, which multiplies the
modulated RF signal of the optical power. In [24], a LiNbO3 Mach-Zehnder intensity
modulator is employed, which has the sinusoidal power-to-voltage characteristic. The
sinusoidal PN characteristic could be linear for small applied RF signals while the
modulator is biased at its 3-dB point. To analyze the process of noise cancellation
quantitatively, the SSIL is considered as a signal with Gaussian noise n(t). After signal
modulation and FFNR, the optical signal is expressed as [24]:

Pouc(£) = P[1+n(t)] %[A(t)] e P14 n(O)] —ZA(t)

(7)
Here A(t) is the linear noise correction signal induced by FFNR circuit. The EIN is
minimized when A(t) equals n(t); However, there still exist noise remained, which is
second-order noise terms as described below
Pout(t) = P[1 — n? ()]/2 (8).
The SNR of the photocurrent with FFNR (i.e. SNR,,,;) can be derived from (7) :
SNRoyi(t) = SNR; (£)?/2 9

The SNR;, denotes the SNR of the signal detected at the modulator input, and the

approximation holds when the SNR is much larger than the 1 (linear). Without any EIN-
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suppression techniques, the SNR is proportional to the ratio of the optical to the electrical
bandwidth [11]. Thus, (2) indicates that FFNR could help to enhance the system capacity
by reducing the bandwidth of the spectrum-slicing and maintain the SNR. It is worth to
note that the actual improvement induced by FFNR depends on the noise statistics of the

input light [47].

2.3.1.2 Drawbacks of the Feedforward noise reduction

However, the performance of the FFNR depends on the critical control of the delay time
and gain in the FFNR circuit. Deviation from the optimum value of the delay time and gain
would obviously degrade EIN suppression [47].

Moreover, the FFNR circuits are bit-rate-dependent, which dramatically increases the
system cost for the high-speed transmission. Both of these practical limitations intensely
rise the system complexity as well as the implementation cost [47].

Last but not least, if the FFNR circuit is utilized to reduce the existing noise after the
gain-saturated SOA, the efficiency of FFNR technique would be degraded by the ASE

background noise generated by the SOA as well as the filtering effect [47]

2.3.2 Using four-wave mixing technique for EIN reduction

2.3.2.1 Principles of using FWM for EIN reduction

As demonstrated in Figure 2.3[48], the modulated optical signal was amplified by a

booster amplifier and transmit over a dispersion-shifted fiber (DSF). At the receiver side,
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a high-power EDFA associated with 20-km dispersion-shifted fiber could produce the

FWM effect, which significantly broadens the bandwidth of the received optical signal.
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Figure 2.3 Experimental setup of the spectrum-sliced transmitter with four-wave mixing

noise reduction technique. Reprinted with permission from reference [48].

Since the SNR of SSIL signal is proportional to the bandwidth of the received optical signal,
the SNR of SSIL signal can be improved after the intra-channel FWM. Then a 2.7-nm

optical filter (i.e. OBPF1) is utilized to filter out the noise components.
2.3.2.2 Drawbacks of the FWM for EIN suppression

Although the FWM technique relaxes the requirement of the optical bandwidth of the SSIL
at the transmitter side, the bandwidth of the optical signal at the receiver is extremely
extended. Thus, this technique also makes the signal susceptible to the inter-channel
crosstalk and eventually, reduces the channel amount in the WDM systems.

Moreover, the FWM requires dispersion-shifted fiber as well as the extra optical
amplifiers on the receiver side (i.e. each ONU requires the extra optical amplifiers), which
dramatically increase the cost of system implementation and maintenance.
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2.3.3 Using gain-saturated SOAs for EIN suppression

The gain-saturated SOA could help to amplify the SSIL intensity signal nonlinearly, and

smooth the intensity waveform. Compared to other noise suppression techniques [17, 26-

34], SOA-based EIN suppression is more attractive due to its higher efficiency, ease of

implementation and the potential of optical integration. The gain-saturated SOA has also

been used as a 2R regenerator (i.e. the regenerator does re-amplification and pulse

Spectrum-sliced
incoherent light

>

Saturated SOA

SOA output power (dBm)

SOA input power (dBm)

Figure 2.4 The principle of the noise suppression using the gain-saturated SOA. Reprinted

with permission from reference [33].
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reshaping) for long-haul transmission systems [49, 50] as well as reducing the mode-

partition noise of the semiconductor lasers [51].

2.3.3.1 Principles of using gain-saturated SOA for EIN suppression

Figure 2.4 depicts the principle of noise suppression through a gain-saturated SOA. A high-
power broadband light (i.e. ASE) is emitted from an EDFA and then, coupled into a
wavelength demultiplexer (e.g. AWG) for spectrum-slicing. In each channel, a gain-
saturated SOA is utilized to suppress the high-intensity EIN of the SSIL source. The
nonlinear amplification characteristic of gain-saturated SOAs can be helpful to suppress
the EIN of spectrum-sliced light as shown in Figure 2.4: the weak signal could be boosted
while the strong signal is suppressed by the nonlinear amplification. The traveling
equations can be used to calculate the noise suppression of the SSIL, which is benefited
from nonlinear amplification of the gain-saturated SOA. The spontaneous emission
generated from this SOA is neglected in this calculation. [33] derived the relative noise

power suppression Py as below.

_ (Pin + 1)2 + (anTS)Z
L (Pour + 1% + (21fT5)2

(10)

Here, f is the frequency, t, is the effective carrier lifetime of the SOA, Pin and Poyt denote
the input and the output optical power normalized by the saturation output power of the
SOA, respectively. Thus, P (i.e. the relative noise power suppressed by the nonlinear
amplification) could be larger at deeper saturation level (i.e. the larger difference between

the saturation input power and saturation output power), especially at low frequency.
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Therefore, to enhance the saturation effect, it is possible to use the cascaded SOAs.
Moreover, due to the limited carrier lifetime of the SOA (i.e.ty), the noise power
suppression would be mitigated as the frequency increases

This technique is more compact than the FWM method and has lower cost and
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Figure 2.5 SOA modulator with gain saturation. Reprinted with permission from reference [33].

complexity compared to the FFNR technique. Furthermore, SOA can be used
simultaneously for both signal modulation as well as the EIN suppression [33] as showed

in Figure 2.5.

2.3.3.2 Drawbacks of the use of a GS SOA for EIN suppression

The noise suppression of a gain-saturated SOA is dependent on the noise frequency f and
the effective carrier lifetime of the SOA [28, 29, 33]. Due to the limited carrier lifetime of
the SOA, the noise reduction is typically effective at frequency less than 3 GHz [17, 29].
Thus, it is challenging to provide the transmission service at rate higher than 10-

Gb/s/channel through the SSILs and gain-saturated SOAs [17, 26-34].
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In the frequency domain, this EIN suppression is realized by achieving an elaborate
balancing between SSIL components at different wavelengths or polarization statements
and eventually, introducing a strong correlation between them [17]. Thus, this EIN
suppression is vulnerable to wavelength- or polarization-dependent optical phenomena
such as optical filtering effect [21-23], chromatic dispersion [20] and polarization-mode
dispersion (PMD) [20]. In the following section, the optical filtering effect and optical

dispersion effect are discussed in details.

2.3.3.2.1 Optical filtering effect on the EIN-suppression of the GS-SOA

As previously discussed, the GS-SOA induced EIN-suppression is sensitive to the optical
filtering effect, hence, the spectral filtering of the SOA output would moderate the EIN-
suppression benefit offered by the SOA and degrade the signal quality. As shown in [43,
21, 22], the EIN suppressed by the GS SOA is restored after the optical filtering, even when
the optical filter has the 0.8-nm bandwidth. As a result, the BER performance is obviously
degraded.

On the other side, the narrow spectrum filtering is required on the receiver side to
diminish the inter-channel crosstalk within the WDM system. Thus, there exists a trade-off
between the intra-channel crosstalk and the restored EIN. As studied in [21], regarding the
signal quality, the optimum optical bandwidth is larger than the channel spacing. Thus, the
EIN is still the major limitation of the system having the optical bandwidth less than the

WDM channel spacing.
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2.3.3.2.2 Chromatic dispersion effect on the EIN-suppression of the GS-SOA

The [20] shows that the suppressed EIN would be increased with the increasing chromatic
dispersion (CD). This is in contrast to the case without the GS-SOA, where the EIN can be
reduced by increasing the CD owing to the broadened optical bandwidth. This is because
that the gain-saturated SOA creates a strong correlation between the SSIL components at
different wavelength and obtains an elaborate balancing between different wavelength
components of the SSIL. Thanks to these correlations, the intensity waveform of the SOA
output would be relatively constant, while the intensity of SSIL components at each
wavelength still fluctuates over time [20, 52].

However, the chromatic dispersion, which arises from the different group velocity of
light components at different wavelengths, results a temporal walk-off between the light
components at different wavelengths. In the system using GS-SOA, this temporal walk-off
effect would break the correlation induced by the SOA and eventually, degrades the EIN
suppression. After propagating through a dispersive medium, the temporal walk-off
between different wavelength components causes the EIN recovered. Hence, for the same
amount of walk-off, the components at higher frequency suffer a larger phase difference,
which makes the EIN-restoration more efficient. For this reason, SSIL having wider
linewidth suffers a larger amount of walk-off and hence, is more sensitive to the chromatic
dispersion of components. Moreover, the suppressed EIN would be fully restored while the
chromatic dispersion is large enough and totally breaks the correlation between the

wavelength components within the SSIL signal.
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2.3.3.2.3 Polarization-mode dispersion effect on the EIN-suppression of the GS-SOA

On the other side, PMD breaks the correlation of different polarization components rather
than wavelength components of SSIL signal [20]. While the EIN is well suppressed
through the gain-saturated SOA, not only the wavelength components of the SSIL signals
have a strong correlation between one another, but also the orthogonal polarization
components become correlated [20]. The reason is that at the SOA output, the
orthogonally-polarized components, which are 180 degrees out of phase with each other,
have similar intensity waveforms. Although the intensity of each polarization component
fluctuates over time, the combined signal is relatively constant. After passing through a
PMD element, the orthogonally-polarized components have different time delays. Thus,
the out-of-phase correlation between the orthogonally-polarized components is broken by
this temporal walk-off between the polarization components and hence, the EIN has been
resorted.

According to [20], 0.2-dB power penalty is observed at 0.25-ns DGD in the presence
of a gain-saturated SOA over a wide range of SSIL linewidth. On the other side, while the
gain-saturated SOA is not used, the sensitivity penalty caused by a DGD < 0.25ns is
negligible.

Therefore, the noise-suppression benefits can be degraded by these wavelength-or
polarization-related optical effects, which break the correlation between the SSIL

components at different wavelength or polarizations.
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2.3.4 Summary

In conclusion, both of these techniques could help to reduce the EIN with different
limitations.

In the FFNR circuit, it utilizes the additional optic-electronic circuit to extract the EIN.
With the benefits of FEC code and gain-saturated SOA, this technique could help to
achieve 10-Gb/s/channel transmission [47]. However, the performance of this technique
strictly depends on the critical control of the delay time and gain in the FFNR circuit.
Moreover, this circuit is bit-rate dependent, and would intensively increase the system cost
for the high-speed transmission.

In the FWM technique, it is implemented through the long DSF and additional optical
amplifier at the receiver. It successfully reduces the requirement of optical linewidth of the
SSIL source at the transmitter side to achieve the same signal quality. However, the long
DSF and the extra optical amplifier not only greatly increase the system cost but also make
it hard to be optically integrated. Moreover, the feasibility of using the FWM technique for
the high-speed transmission (e.g. transmission rate is larger than 10 Gb/s/channel) is still
an open question.

The gain-saturated SOA smooths the intensity fluctuation in SSIL by its nonlinear
amplification (i.e. weak signal obtain high amplification while intense signal gets low
amplification). Compared to previous two techniques, this method exhibits higher EIN-
suppression efficiency, ease of implementation and the potential of optical integration.
However, the gain-saturated SOA suppresses the EIN by creating a strong correlation

between the different wavelength components of the SSIL and makes the signal sensitive
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to optical filtering, chromatic dispersion, PMD and other frequency-related phenomena
[20-22]. Moreover, to obtain better signal quality, SSIL having linewidth larger than 0.4
nm [36, 37, 18, 19] is always utilized with the GS-SOA. Due to the FWM and self-phase
modulation effects within the GS-SOA, the optical signal spectrum would be further
broadened. Therefore, the benefit of EIN suppression is severely susceptible to the

frequency-dependent phenomena (e.g. optical filtering, CD, and PMD)

2.4 Ultra-narrow SSIL source

To accommodate the higher requirement of data rate (i.e., Be), proportionally increasing
B, is a conventional method to maintain the SNR of the optical signal. However, the WDM
PON using this approach suffers from vital problems especially at data rate larger than 12.5
Gb/s. For instance, the large B, makes the optical signals susceptible to the fiber dispersion
effect [20]. The possible transmission distance is inversely proportional to the square of
data rate without dispersion compensation assuming the channel spacing is much larger
than the B, [95].

Moreover, larger optical linewidth results the signal vulnerable to the optical filtering
effect. Since the gain-saturated SOA suppresses the EIN by creating a strong correlation
between different wavelength components of the SSIL light, tight optical filtering disturbs
this correlation and reduces the EIN suppression benefits.

Last but not least, large B, decreases the system capacity. Although wide B, could

accommodate high-speed transmission at each channel, large channel spacing is required
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to adapt the B, and alleviate the inter-channel crosstalk in WDM system. As a result, the
amount of feasible channels is reduced and thus, the system capacity cannot be improved.

As [43] demonstrated, the ultra-narrow SSIL source could achieve the transmission of
10-Gb/s NRZ signals over 20-km SSMF and 0.2-nm-bandwidth optical filter. Owing to the
ultra-narrow linewidth of the SSIL source, this system is robust to fiber dispersion effect
and optical filtering effect. In [43], the ultra-narrow SSIL source has been experimentally
demonstrated to transmit 10-Gb/s signals over a 20-km SSMF without any dispersion

compensation.

2.5 Conclusion

This review presents an introduction to the SSIL source. A typical spectrum-slicing system
is illustrated, and the characteristics of the spectrum-slicing system are described. It shows
that the main limitation of the spectrum-slicing system is the significant EIN. To solve this
issue, the details of three of the EIN reduction techniques have been illustrated.
Additionally, the effect of chromatic dispersion and PMD have been explained. Finally,
the ultra-narrow spectrum-sliced incoherent source is also introduced, which can overcome
the defects of the SSIL having large optical linewidth, and be adapted to higher data rate
(e.g. 2.5 Gb/s and beyond). In conclusion, the SSIL is a very promising technology for
WDM-PONSs, but the different constraints introduced open up many new interesting

avenues for research.
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Chapter 3

Optimum Linewidth of SSIL Source

Using a Gain-Saturated SOA

3.1 Introduction

SSIL sources have been considered as one of the most cost-effective multiple-
wavelength light sources for WDM-PONs [11-19]. In these light sources, wideband
thermal light (e.g., ASE from an EDFA) is spectrum-sliced into numerous incoherent lights,
each having a specific center wavelength. Then these spectrum-sliced lights are fed to
optical modulators to be used as continuous-wave light sources for WDM transmitters.

As Chapter 2 illustrated, the capacity of the system utilizing SSILS is mainly limited
by the inherent EIN. Various techniques have been proposed to mitigate the EIN, including
feedforward noise cancellation [24, 52] and the use of a gain-saturated SOA [30, 54].
Nevertheless, when the SSIL is used as a light source for a WDM-PON system, it is
common practice to choose a large B, (typically wider than 0.4 nm) to accommaodate high-
speed signals [55-57], [36, 37]. Nevertheless, the use of large B, does not help to increase
the capacity of the WDM-PON system based on SSIL sources [43]. Furthermore, it also
makes the signal generated by using this light source susceptible to fiber chromatic

dispersion and narrow optical filtering [20, 21].
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Recently, the ultra-narrow SSIL source has proposed and demonstrated to increase
the system capacity as well as the tolerance of the signal to fiber dispersion and narrow
optical filtering [43]. Nevertheless, there still remains an open question about the optimum
linewidth of the SSIL source for the capacity and dispersion-uncompensated reach of high-
speed (i.e., faster than 10 Gb/s/channel) WDM-PON systems. Hence, this chapter
investigates the transmission performances of a 10-Gb/s OOK signal generated by using
an SSIL source using a GS-SOA (as an EIN suppressor) over a wide range of SSIL's
linewidth. Through the computer simulation, this chapter evaluates the maximum
dispersion-uncompensated transmission distance, the minimum passband of optical
filtering, SOA input power required for EIN suppression, and the tolerance to in-band
crosstalk, while varying the linewidth of the SSIL source. The simulation results are
confirmed by experiment data. As shown in the simulation analysis and experimental
results, good BER performance of the 10-Gb/s OOK signal could be achieved when the
SSIL source linewidth is either ultra-narrow (i.e., the linewidth is much narrower than the
receiver bandwidth) or very broad (i.e., the linewidth is much wider than the receiver
bandwidth). However, the 10-Gb/s signal generated by using wide-linewidth SSIL suffers
severely from fiber dispersion and optical filtering. On the other hand, by using the ultra-
narrow SSIL source, it is available to minimize the channel spacing in WDM systems and
make the signal tolerant to fiber dispersion even though the ultra-narrow spectrum slicing
increases the slicing loss, the SOA input power required for EIN suppression, and the
susceptibility to in-band crosstalk.

The following parts of this chapter are organized as below. Section 3.2 presents the

experimental and simulation setup to investigate the effects of the linewidth of SSIL source
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Figure 3.1 The experimental setup to analyze the optimum linewidth of the SSIL at 10.7
Gb/s/channel. The PRBS length is 2%-1 in the experiment.

on the performance of 10-Gb/s OOK signal. Two windows of linewidth for high-speed (e.qg.
faster than 10 Gb/s) operation of SSIL source are presented in Section 3.3. Also presented
in this section is the optimum linewidth for capacity and transmission distance of WDM-
PON system. This chapter shows that ultra-narrow SSIL source can provide the maximum
capacity and longest transmission distance. Compared to the conventional SSIL having a
wide linewidth, this ultra-narrow SSIL has a couple of drawbacks, which are discussed in

Section 3.4. Finally, this chapter is summarized in Section 3.5.

3.2 Experiment and simulation setup

Figure 3.1 shows the experimental setup. A wideband ASE light generated from an
EDFA is first sent to an optical bandpass filter (OBPF) for spectrum-slicing. Either a fiber
Fabry-Perot (FFP) or a bandwidth-tunable optical filter is utilized as a spectrum-slicing

filter. The FFP is employed to generate the ultra-narrow SSIL since its 3-dB bandwidth is
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measured to be merely 700 MHz. It has periodic passbands at every 102 GHz, each having

a Lorentzian profile. Thus, one of its passbands at 1542.14 nm is utilized by using an OBPF

(a) 0.7-GHz Lorentzian-shape SSIL (b) 0.2-nm 2n¢ order Gaussian-shape SSIL
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Figure 3.2 The optical spectra of the SSIL measured at the input of SOA when (a) the FFP and
(b) the bandwidth-tunable optical filter are used as the spectrum-slicing filter. Also shown in the

figures are the Lorentzian and 2"-order Gaussian function in dashed line.

having a 3-dB bandwidth of 0.64 nm (i.e., OBPFL1 in Figure 3.1).

Figure 3.2 shows the optical spectrum of the ultra-narrow SSIL measured at the output
of OBPF2. Also shown in this figure is the Lorentzian function with a 3-dB bandwidth of
700 MHz. On the other hand, the bandwidth-tunable optical filter (i.e. OBPF1) has a 2"-
order Gaussian profile in its transmittance curve. The bandwidth of the filter can be varied
from 0.16 to 0.42 nm. Figure 3.2 (b) shows the optical spectrum of the SSIL when the 3-
dB bandwidth of the bandwidth-tunable filter is set to be 0.2 nm. The spectral profile of
the measured spectrum agrees well with the 2"%-order Gaussian function. The SSIL is then
sent to a GS-SOA for EIN suppression. The SOA used in the experiment has a small signal

gain of 26 dB and the saturation input power of -15 dBm when the bias current is 200 mA
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as shown in Figure 3.3. The SOA input power of the SSIL is set to be 3 dBm. Thus, the
SOA operates in a deep-saturation region. To confirm the carrier lifetime of the GS-SOA
at this operation condition, I first experimentally measured the carrier response of the SOA
according to [96]. The measured results are indicated as solid dots in Figure 3.4. To obtain
the carrier lifetime of this SOA, a revised frequency-dependent Lorentzian function [97]
(i.e. the line in Figure 3.4) is utilized to fit the measured carrier response of SOA (i.e. the
dots in Figure 3.4). Based on this fitting, the carrier lifetime of the GS-SOA is measured to
be 57ps. The EIN-smoothed SSIL is then fed to a polarization-insensitive electro-
absorption modulator (EAM) for data modulation. The EAM is driven by a 10.7-Gb/s non-
return-to-zero (NRZ) pseudo-random binary sequence (pattern length is 23!-1). The Reed-

Solomon codes with 7% overhead i(e.g. RS(2720, 2550)) is assumed to be utilized [22].
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Figure 3.3 SOA characteristics when the SOA is biased at 200 mA at 1542 nm.
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The extinction ratio of the signal is measured to be 10 dB. After transmission over SSMF,
the 10-Gb/s signal passes through OBPF3 (3-dB bandwidth equals 0.64 nm) and is detected
by a PIN detector. This optical filter emulates an AWG located at the remote node (RN).

The received optical power of the signal is set to be -12 dBm.

Response (dB)
3

¢ Experiment
——Theory

_EU i i PR A | i i PR N |
0.1 10

1
Modulation Frequency (GHz)

Figure 3.4 Measured SOA carrier response when the bias current and the operation wavelength
are 200 mA and 1542nm, respectively. The theory line is based on revised frequency-dependent

Lorentzian function in [97]

To investigate the effects of SSIL linewidth on the performance of the 10-Gb/s OOK
signal, the computer simulation is also carried out by using a commercial program (VPI
transmissionMaker). The simulation setup is the same as the experimental setup shown in
Figure 3.1. Since the SOA parameters are vital to the EIN suppression and eventually the
simulation performance, the SOA parameters employed in the simulation are listed in Table
3.1. Based on these parameters, the carrier lifetime is calculated as 45 ps, which agrees

well with the measured value (i.e., 57 ps). As illustrated in [58, 59], the probability density
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function (PDF) of the EIN follows the Chi? distribution. However, when the EIN is
suppressed by using a GS-SOA, the PDF of the noise is changed and could be
approximated as Gaussian when the SOA operates in the deep-saturation region [60, 61].
Thus, the BER performance of the signal is evaluated by using the semi-classical model
based on both the Gaussian and Chi? approximations. Moreover, the receiver bandwidth is
set to be 8 GHz, which is the same as the receiver used in the experiment. And the noise
distribution estimation in the BER calculation is set to be Gaussian and Chi2

Approximations [58,59].
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Table 3.1 SOA PARAMETERS USED IN THE SIMULATION

Symbol Description Value

L (m) Length of active region 7x10%

S (m?) Area of active region 1.76x<1013
r Confinement factor 0.6

ot (1/m) Internal loss 5.7x10°
a (m?) Differential gain coefficient 3.2x10%
Nir (1/m?) Carrier density at transparency 1102

A Linewidth enhancement factor 4

Anr (1/s) Non-radiative recombination factor 3.8x10°
Bsp (MP/s) Spontaneous emission recombination factor 810716
Caug (M®/s) Auger recombination factor 2x1040

I (A) Injection current 0.2
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3.3 Optimum linewidth of SSIL source for capacity

and transmission distance

3.3.1 Optimum linewidth of the SSIL for BER performance

The BER performance of the 10-Gb/s signal is first investigated while varying the

linewidth of the SSIL from 0.1 to 70 GHz. Figure 3.5 (a) shows the BERs as a function of

the linewidth when the SSIL has a 2"%-order Gaussian spectral profile. The linewidth of the

SSIL source is the 3-dB linewidth of the SSIL before the EIN suppression. The solid and

dotted lines indicate the BERs obtained by using the Gaussian and Chi? Approximations,
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Figure 3.5 BER performance of the 10-Gh/s OOK signal as a function of the linewidth of the

SSIL source when the SSIL has (a) 2"-order Gaussian and (b) Lorentzian spectral profiles. The

solid and dotted lines indicate the BERs estimated by using the Gaussian and Chi?, respectively.

respectively. Since the optimal threshold of Gaussian approximation is lower than the one

of Chi? approximation [59], the BERs obtained by using the Gaussian approximation are

more conservative than those by using the Chi? approximation [58, 59]. Since these two
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approximations represent the two extreme cases where the SOA operates in highly linear
and deep saturation regions, the actual BER performance of the 10-Gb/s signal would fall
in between them. Thus, the shaded areas in the figure indicate ranges of BER of the 10-
Gb/s signal, depending upon the operation region of the SOA. Figure 3.5 (a) shows that the
BER performance in the back-to-back condition is the worst at around 10 GHz of linewidth,
but is improved when the linewidth of the SSIL source is either very narrow or very broad.
For example, a BER lower than 1077 (in the Chi? approximation) can be achieved when the
linewidth is narrower than 2 GHz or wider than 50 GHz. It is not surprising that the BER
performance is improved as the linewidth becomes broader (than 10 GHz). As expected,
this is because the SNR is increased with the linewidth of the SSIL source. However, it is
also found out that there is another window of linewidth where the high-speed operation
of the SSIL is possible. This new window can be explained as follows: the bandwidth of
the EIN at the receiver is determined by the linewidth of the SSIL source. Thus, when the
linewidth is narrower than the receiver bandwidth, all the EIN components would fall
within the receiver bandwidth. Then as the linewidth is further reduced, the total EIN power
(within the receiver bandwidth) remains unchanged. However, when the GS-SOA is used
as an EIN suppressor for the SSIL source, it suppresses the low-frequency components of
the EIN (typically lower than a couple of GHz). This is because, due to the finite carrier
lifetime, the GS-SOA exhibits high-pass-filter like characteristics in its intensity transfer
function [29]. Since the EIN components mainly reside in the low-frequency region when
the SSIL linewidth is ultra-narrow, this low-frequency EIN is effectively suppressed by the

GS-SOA and consequently the total EIN power is reduced.
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Even though there exist two windows of linewidth for the high-speed operation of the
SSIL source in the back-to-back condition, one of the windows disappears after 20-km
transmission over SSMF. Figure 3.5(a) shows that the 10-Gb/s signal generated by using
wide-linewidth SSIL sources suffers from fiber chromatic dispersion. It has been
demonstrated that the GS-SOA suppresses the EIN of the SSIL by creating strong intensity
correlation between the different wavelength components of SSIL [17]. However, fiber
chromatic dispersion not only distorts the signal waveforms, but it also breaks the intensity
correlation created by the GS-SOA and thus negates the EIN suppression [20]. Therefore,
the bad transmission performance of the wide-linewidth SSIL signal should be attributed
to the dispersion-induced pulse distortion and EIN increase (caused by the restoration of
the EIN inherent in the SSIL). However, when the linewidth of the SSIL is ultra-narrow
(e.g., less than 2 GHz), decent BER values still could be achieved after 20-km transmission
over SSMF. For example, a BER lower than 107 is estimated after the transmission when
the linewidth is 1 GHz.

Figure 3.5(b) shows the BER performance of the 10-Gb/s signal when the Lorentzian-
shaped SSIL is employed. Due to the gentle slope of the Lorentzian function in comparison
with the 2"-order Gaussian one, the BER values exhibit gradual changes on the linewidth
of the SSIL source. Nevertheless, a similar tendency of the BER performance is observed.
For example, there exist two windows of linewidth for high-speed operation of the SSIL
source. The simulation results are partly confirmed by the experimental data. Figure 3.5(a)

and (b) show that the experimental results agree well with the simulation results.
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3.3.2 Optimum linewidth of SSIL for transmission distance over

SSMF

This section evaluates the maximum transmission distance of the 10-Gb/s OOK signal
to achieve the FEC threshold of 1.2>10® without any dispersion compensation. Figure 3.6
shows the results. It indicates that the maximum transmission distance is increased as the
linewidth of the SSIL source is reduced. However, the transmission distance levels off at
about 90 km even when the linewidth is ultra-narrow. This is because when the linewidth
is much smaller than the modulation speed, the spectral width of the signal is determined
by the data modulation itself instead of the linewidth of the SSIL. The results also show
that the Lorentzian-shaped SSIL has poorer dispersion tolerance than the 2"9-order

Gaussian-shaped one since the Lorentzian function has slowly decaying tails. The
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Figure 3.6 Maximum transmission length over dispersion-uncompensated SSMF versus linewidth
of the SSIL source to achieve the FEC BER threshold of 1.2x10. The solid and dotted lines

indicate the transmission distance estimated by using the Gaussian and Chi? approximations,

respectively. The symbols are the experimental values.
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experimental data agree well with the simulation results. The 10-Gb/s OOK signal
generated by using the ultra-narrow SSIL source can be transmitted over 23-km long

dispersion-uncompensated SSMF.

3.3.3 Optimum linewidth of SSIL for capacity

To maximize the capacity of WDM systems utilizing the SSIL sources, it is imperative
to minimize the spectral width of the high-speed signal so that adjacent channels can be
placed compactly in wavelength, minimize the channel spacing and thus, maximize the
available channel capacity. In WDM-PON systems, the minimum channel spacing can be
determined by the passband of the AWGs located at the central office and remote node
since the passband bandwidth of the AWGs should not exceed the channel spacing. Thus,
the performance of the 10-Gb/s signal in the presence of narrow optical filtering is

investigated. Figure 3.7 shows the minimum 3-dB bandwidth of OBPF2 to achieve the
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Figure 3.7 The minimum 3-dB bandwidth of OBPF2 to achieve the FEC threshold of 1.2x10 for
the 10-Gb/s signal generated by using the Lorentzian-shaped SSIL.
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FEC threshold (i.e., uncorrected BER is 1.2x10%) for the 10-Gb/s OOK signal generated
by using the Lorentzian-shaped SSIL. OBPF2 represents the concatenated AWGS in
WDM-PON systems. In the simulation, the 3™-order Gaussian filter for OBPF2 is utilized.
The results show that, as expected, the minimum bandwidth of OBPF2 increases with the
linewidth of the SSIL. When the linewidth of the SSIL is very broad, the signal suffers
severely from the narrow optical filtering. This is because the narrow optical filtering
breaks the intensity correlation between the different wavelength components of SSIL, just
like the fiber chromatic dispersion does to the signal [21]. Therefore, to maximize the
capacity of WDM-PON systems based on SSIL sources (by minimizing the channel
spacing), the ultra-narrow SSIL source is utilized. It should be noted that when the
linewidth is as narrow as 200 MHz, the minimum 3-dB bandwidth of OBPF2 is estimated
to be 9.5 GHz. In this case, the 20-dB spectral width of the 10-Gb/s OOK signal after the
narrow optical filtering is measured to be 13.2 GHz. This implies that the channel spacing
can be reduced as narrow as 13.2 GHz, considering that the 20-dB crosstalk from adjacent
channels would incur a negligible power penalty (see Figure 3.11). Then it would be
possible to achieve a spectral efficiency of 0.75 b/s/Hz (which is calculated from 10 Gb/s

over 13.2 GHz) by using the ultra-narrow SSIL source.

3.4 Drawbacks of the ultra-narrow SSIL source

The previous section shows that there are two windows of linewidth for high-speed
operation of the SSIL source utilizing GS-SOA. However, the SSIL source having a very

broad linewidth (i.e., the linewidth is much wider than the receiver bandwidth) highly
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susceptible to fiber chromatic dispersion and optical filtering. Thus, the optimal linewidth

of the SSIL source for capacity and transmission distance should be ultra-narrow (i.e., the

linewidth is much narrower than the receiver bandwidth). Nevertheless, the ultra-narrow

SSIL source has some drawbacks, such as a large spectrum-slicing loss, a high required

optical power at the input of the GS-SOA, and increased sensitivity to in-band crosstalk.

This section discusses these drawbacks of the ultra-narrow SSIL in comparison with the

conventional wide-linewidth SSIL.

3.4.1 Spectrum-slicing loss

For the generation of ultra-narrow SSIL for multi-channel WDM systems, it is highly

desirable to utilize a periodic optical filter such as high-finesse FFP and Fabry-Perot etalon
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Figure 3.8 Spectrum-slicing loss as a function of the linewidth of the Lorentzian-shaped SSIL.

filters. However, as the linewidth decreases, the spectrum-slicing loss is increased since

only a small portion of the wideband ASE is utilized as a light source. Figure 3.8 shows
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the spectrum-slicing loss as a function of the linewidth of the SSIL source when a Fabry-
Perot optical filter is used for spectrum-slicing. The spectrum-slicing loss is defined as the
power ratio between the wideband ASE and SSIL at the output of the slicing filter. The
insertion loss of the slicing filter is not included. The results show that the slicing loss is
decreased at a rate of -10 dB/decade, regardless of the free-spectral range (FSR) of the
Fabry-Perot filter. For example, when a Fabry-Perot filter having an FSR of 100 GHz is
used, the slicing loss is 15 dB for SSIL with 2-GHz linewidth. However, it is increased to
25 dB when the linewidth decreases to 200 MHz. The slicing loss is reduced in proportion
to the FSR of the filter. Thus, the slicing loss becomes less than 18 dB when the bandwidth
and FSR of the Fabry-Perot filter are 200 MHz and 20 GHz, respectively. This loss can be
readily compensated by using an optical amplifier at the CO. For example, a two-stage
EDFA having the slicing filter as an inter-stage element can be used to generate multi-
channel ultra-narrow SSIL [62]. The first-stage optical amplifier generates a wideband

ASE, and the second-stage one compensates for the slicing loss.

3.4.2 SOA injection power for EIN suppression

The GS-SOA considerably improves the BER performance of the high-speed signal
generated by using the SSIL by suppressing low-frequency EIN components. Regarding
the implementation, it is important to have a low SOA input power since the SOA could
be placed at the customer's premises for the upstream transmission but the spectrum-Sliced
incoherent light is provided from the CO [63, 64]. The high optical power into the SOA

required to achieve a target performance would limit the link budget of the upstream
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transmission. Thus, this section investigates the SOA input power needed to meet the FEC

threshold as a function of the linewidth of SSIL source. The results are plotted in Figure

(a) Gaussian-profile light source

Gaussian
= = Chi-square
0 F ® Experiment

}S\mulamn

(b) Lorenzian-profile light source

— (aussian
= = Chi-square
I ® Experiment

}S\mulamom

Min. SOA Input Power (dBm)

Min. SOA Input Power (dBm)

0.1 1 10 70 01 1 10 70
Light Source Linewidth (GHz) Light Source Linewidth (GHz)

Figure 3.9 SOA input power required to achieve the FEC threshold for the 10-Gbs signal versus
the linewidth of the SSIL source when the SSIL has (a) 2"-order Gaussian and (b) Lorentzian
spectral profiles. The solid and dotted lines indicate the SOA input power estimated by using the

Gaussian and Chi? approximations, respectively. The symbols are the experimental values.

3.9 When the linewidth of the SSIL is very broad, the requirement of SOA input power is
relaxed as the linewidth increases. The required SOA input power could be even less than
the saturation input power of SOA (i.e., -15 dBm). For example, when the SSIL linewidth
is 53 GHz, the BER of 1.2x103 can be achieved at an SOA input power of -17.7 dBm.
This is because the SNR (i.e. B,/B,) is sufficiently high enough to achieve the FEC
threshold without any EIN suppression. On the other hand, when the linewidth of the SSIL
source is very narrow (e.g. less than 2 GHz), the minimum input power to the SOA is nearly
independent of the linewidth. This should be attributed to the bandwidth of the EIN
suppression, which is the inverse of the SOA carrier lifetime [65]. When the linewidth is

very narrow, all the EIN components fall within the bandwidth of the EIN suppression. In
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this range of linewidth, the amount of EIN suppression would not be affected by the

linewidth.

3.4.3 Tolerance to in-band crosstalk

Optical access networks including WDM-PON should be robust against optical
reflections caused by Rayleigh back-scattering and bad connectors. Those optical
reflections would be unavoidable in WDM-PON systems utilizing loop-back configuration
[66, 67]. Since the optical reflections have the same spectral components as the signal, they
create in-band crosstalk to the signal. It has been shown that this crosstalk not only induces
the signal crosstalk interference but also serves to break the intensity correlation produced

by the GS-SOA [67]. However, there has been no study on the sensitivity of the SSIL
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Figure 3.10 Experimental setup to measure the power penalty caused by in-band crosstalk.

source to in-band crosstalk for various linewidths of the SSIL source. Figure 3.10 shows
the experimental setup to measure this sensitivity. The output of the SSIL is split into two
ways; one is for the signal path and the other for the interferer. In the interferer path, a 20-

km long SSMF is inserted to decorrelate the interferer with the signal. The optical power
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of the interferer is adjusted by using an optical attenuator to control the signal-to-
interference ratio. A tunable optical delay is utilized in the signal path to maximize the
penalty at the receiver. The signal and interferer are recombined by using a 3-dB coupler
and then sent to the receiver.

Figure 3.11 shows the measured power penalty as a function of the signal-to-
interference ratio for two different linewidths, 700 MHz, and 0.4 nm. Also shown in this
figure are the simulation results depicted in the solid and dotted lines to indicate the
penalties estimated by using the Gaussian and Chi? approximations, respectively. The
results show that the experimental data agree very well with the simulation results. They
also show that the wide-linewidth signal (i.e., the linewidth is 0.4nm) outperforms the ultra-

narrow linewidth one (i.e., the linewidth is 700 MHz) regarding tolerance to in-band
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Figure 3.11 Power penalty of the 10-Gb/s SSIL signal induced by the in-band crosstalk.

crosstalk. For example, when the linewidth of the SSIL is 0.4 nm, the 10-Gb/s signal can

tolerate the signal-to-interference ratio of up to 9.3 dB at 2-dB power penalty. However,
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when the linewidth is reduced to 700 MHz, the tolerance is measured to be 14 dB at the
same power penalty. This weak tolerance of ultra-narrow SSIL is ascribed to the fact that
the in-band crosstalk components of the ultra-narrow SSIL signal fall within the receiver
bandwidth whereas only a portion of the crosstalk components are captured by the receiver
if the linewidth is very wide. This explanation is also confirmed by the simulation. The
simulation results show that when the linewidth of SSIL source is very wide, the minimum
allowable signal-to-interference ratio is increased as the linewidth decreases. However, the
required signal-to-interference ratio becomes nearly constant at around 15 dB when the
linewidth is very narrow (i.e. less than 2 GHz). Nevertheless, considering that a bad fiber
connector could cause optical reflections of up to -14 dB, thus the ultra-narrow SSIL has
sufficient tolerance to in-band crosstalk for the use in WDM-PON systems.

It should be noted that the experimental and simulation results presented in this chapter
are obtained from the 10-Gb/s OOK signal. As a result, the BER performance is the worst
when the linewidth of SSIL source is about 10 GHz (approximate to Be). Therefore, as the
data rate increases, the linewidth which brings us the worst BER performance should be

shifted accordingly to a larger value.

3.5 Conclusion

The experimental and simulation studies are conducted on the optimum linewidth of
SSIL source using a GS-SOA (as an EIN suppressor) for the maximum capacity and
longest transmission distance. The BER performances of the 10-Gb/s OOK signal

generated by using the SSIL source are evaluated over a wide range of source linewidth.
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The studies show that there are two windows of linewidth for high-speed operation of the
SSIL source: very broad (i.e., linewidth is much wider than the receiver bandwidth) and
ultra-narrow (i.e., linewidth is much narrower than the receiver bandwidth). However,
when the SSIL linewidth is very broad, the fiber chromatic dispersion and narrow optical
filtering serve to break the intensity correlation created by the GS-SOA, and consequently,
the BER performances of the 10-Gb/s signal are considerably deteriorated after
transmission. Thus, the optimum linewidth for capacity and transmission distance is found
to be ultra-narrow. For example, the simulation results show that, by using ultra-narrow
SSIL sources with a 200-MHz linewidth, it is possible to transmit the 10-Gb/s OOK signal
over 60-km long dispersion-uncompensated SSMF. Moreover, the channel spacing can be
reduced as narrow as 13.2 GHz for the 10-Gb/s signals. Thus, it is feasible to implement
an ultra-dense WDM system with the spectral efficiency of 0.75 b/s/Hz. However, these
benefits come at the expense of large spectrum-slicing loss and high optical input power
into the SOA. This chapter has shown that the ultra-narrow optical filtering of a wideband
ASE induces a significant spectrum-slicing loss. The SOA input power of the SSIL
required to suppress the EIN sufficiently is also increased when the linewidth of the SSIL
is ultra-narrow. Nevertheless, these enhanced requirements of optical power could be
readily satisfied by using high-gain and/or high-power optical amplifiers. The cost of these
optical amplifiers can be shared by multiple channels and thus becomes insignificant as the
number of WDM channels increases. It has shown that the employment of ultra-narrow
SSIL sources makes the signal susceptible to in-band crosstalk possibly caused by Rayleigh
backscattering and optical reflection in WDM-PON systems. Nevertheless, the

experimental and simulation results show that the 10-Gb/s OOK signal generated by using
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the ultra-narrow SSIL source with a 700-MHz linewidth is robust against in-band crosstalk
as large as -14 dB on the signal. Therefore, the ultra-narrow SSIL sources could be used to

implement high-capacity WDM-PON systems cost-effectively.
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Chapter 4

Performance Improvement of Ultra-
narrow SSIL Using Offset Filtering

4.1 Introduction

Recently, Z. Al-Qazwini and H. Kim have proposed and demonstrated the ultra-
narrow spectrum to improve the capacity and the dispersion tolerance of WDM-PON
systems based on SSIL [43]. In this scheme, a broadband ASE emitted from an EDFA is
spectrally sliced through an ultra-narrow optical filter (i.e. an FFP filter having bandwidth
< 0.01nm). The SSILs are sent to a gain-saturated SOA for the suppression of EIN. With
the benefits of the narrow linewidth of the source, the signals demonstrate stronger
tolerance against the fiber dispersion and optical filtering than the conventional SSIL
signals [11, 55, 36, 37].

Even though the EIN is considerably suppressed by the SOA, the performance of the
ultra-narrow SSIL signals is still limited by the EIN [43]. For example, an error floor is
observed at a BER around 10 in a 10.7-Gb/s back-to-back experiment, and it is raised
near the FEC threshold of 107 after transmission over 20-km SSMF.

This chapter demonstrates a simple technique to lower the error floors of the ultra-

narrow SSIL signals by suppressing the EIN using offset optical filtering. To explain the
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physical mechanism behind this simple technique, the correlation between amplitude and
instantaneous frequency of the ultra-narrow SSIL signals is measured using the coherent
receiver. To the best of our knowledge, it is the first time that a relationship between
amplitude and frequency is reported and measured for incoherent light. This chapter show
that frequency modulation-to-amplitude modulation conversion undertaken by offset
optical filtering produces destructive interference with the EIN, and consequently
suppresses the EIN. Error floors near FEC threshold are lowered by a factor of 2, which

can greatly improve the corrected BER by several orders of magnitude after FEC decoding.

4.2 The correlation between amplitude and frequency

of SSIL

The correlation between amplitude fluctuation and instantaneous frequency of the

ultra-narrow SSIL is first measured. Figure 4.1 illustrates the setup for this measurement.
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Figure 4.1 The experimental setup to measure the correlation between amplitude and frequency

of the ultra-narrow SSIL source.



A wideband ASE is generated by an EDFA and spectrum-sliced by an FFP filter, which
has a 3-dB bandwidth of 700 MHz and a finesse of 250. After optical amplification, one
mode at 1542.14 nm is selected using a flat-top optical bandpass filter (OBPF, OBPF1 in
Figure 4.1) having a 0.6-nm bandwidth. The light signal is then sent to a polarizer followed
by a gain-saturated SOA to suppress the EIN. The SOA is biased at 200 mA and provides
an optical gain of 6.4 dB when the optical power of the input light is 5 dBm. Since the
saturation input power of the SOA is measured to be —2 dBm, the device operates in the
saturation region. To analyze the amplitude and instantaneous frequency profiles, the light
signal is finally fed to the coherent receiver, which is composed of a tunable laser diode, a
polarization controller, a 90-degree optical hybrid, two photo-detectors (PDs), and a 100-
Gsample/s real-time scope. The frequency of the tunable laser diode is set to be around 4
GHz off the center frequency of the SSIL. This is to avoid the direct-detected EIN falling
on the beating frequency of the local oscillator and the signal. Due to the limited apparatus
availability, the polarized incoherent light is analyzed in this measurement.

The electrical field of the ultra-narrow SSIL signal can be expressed as

E(t) = A(t) exp lj {a)t + 21 jt Af(r)dr}l (11)

The A(t) is the signal amplitude, w is the angular frequency of the signal, and Af () is the
instantaneous frequency of the signal. Two million samples are captured, down-convert the
signal to baseband, extract the waveforms of the amplitude and instantaneous frequency,

and calculate the correlation between them. The correlation coefficient is given as

_ cov{A(D), Af (D)}
P Joar(AQ) - var (o (03

(12)
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The term of cov (x, y) implies the covariance of the two waveforms x and y and var (X) is
the variance of x. Figure 4.2 shows the measured correlation coefficient as a function of
the transmission distance over SSMF. Also shown in the dotted line is the correlation
coefficient measured without using the SOA. In the absence of the SOA, there is no

correlation between amplitude and frequency of the incoherent light. The correlation

Dispersion (ps/nm)

0 100 200 300 400 500
01 T T T T T
= Without SOA
o ol T
o)
=
[1h]
S 01}
[
2 Wit
T g2f hSOA
o
o
O _OIS 1 1
0 10 20 30

SSMF length(km)

Figure 4.2 Measured correlation coefficient between the amplitude and frequency of the ultra-

narrow SSIL as a function of SSMF length.

coefficient is measured to be 0.015. However, after EIN suppression using the gain-
saturated SOA, it is changed to -0.14. The weak but distinct negative correlation should be
attributed to self-phase modulation induced frequency chirp in the SOA. The intensity
fluctuations of the SSIL induce temporal variations in the carrier density of the SOA and

hence the refractive index changes [68]. Thus, the gain-saturated SOA induces frequency
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chirp. The temporal waveform of the chirp can be decomposed into two components: one
with its waveform almost identical to the output intensity waveform and the other which
follows the time derivative of the output intensity waveform [68]. Figure 4.3(a) shows an
example of the captured waveform of the amplitude and frequency at the output of the SOA.
A negative correlation between the frequency and the amplitude of the SSIL at the output
of the SOA is clearly observed. Figure 4.2 also shows that the negative correlation becomes
stronger as the transmission distance increases. For example, the correlation coefficient is
measured to be -0.28 after 30-km transmission over SSMF. This enhanced negative
correlation in the presence of fiber dispersion can be explained as follows: the time
derivative component of the instantaneous frequency waveform has blue-and red-shifted

chirp at the rising and falling parts of the intensity waveform, respectively. This implies
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—— Amplitude
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Figure 4.3 Captured amplitude and instantaneous frequency waveforms of the ultra-narrow
SSIL after (a) 0-, (b) 10-, (c) 20-, and (d) 30-km transmission over SSMF.
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that the peaks of red-shifted chirp follow the peaks of the intensity waveform (e.g., see
Figure 4.3(a) at 0.6 ns).

On the other hand, red-shifted components of light in the anomalous dispersion
medium travel slower than blue-shifted components. Thus, the anomalous dispersion of
fiber makes the SOA output signal broadened in time and thus helps to align the peaks of
red-shifted chirp with those of intensity waveform. Rising parts of the intensity waveform,
which have blue-shifted chirp and travel faster than the other parts of the signal, also help
to enhance the negative correlation. Examples of the captured waveforms in Figure 4.3
show the enhanced negative correlation between intensity and instantaneous frequency in

the presence of fiber dispersion.

4.3 Impact of offset optical filtering on the
performance of ultra-narrow SSIL

The frequency chirp is converted into optical intensity when the ultra-narrow SSIL
signals pass through an optical frequency discriminator. The FM-to-AM-converted
frequency waveform then produces destructive interference with the existing EIN, and
finally suppresses the EIN. Owing to the negative correlation between amplitude and
frequency of the ultra-narrow SSIL, the frequency discriminator should have a positive
slope (i.e., the transmittance of the device increases with optical frequency). The frequency
discrimination function can be readily implemented in a typical WDM-PON system

without adding any additional components: the center wavelength of each channel is
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located at the longer-wavelength edge of the AWG at the remote node. In SSIL-based
WDM-PON systems, this offset optical filtering simply achieved by slightly detuning the

AWSG to a longer wavelength.

Ultra-narrow spectrum-sliced light source
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Figure 4.4 (a) Experimental setup to investigate the impact of offset optical filtering on the
BER performance of the ultra-narrow SSIL. EAM: Electro-absorption modulator, (b)
Transmittance of OBPF2 and the optical spectrum of the signal at SOA output with 0.12-nm
optical offset.

Next, the impact of offset optical filtering on the performance of the ultra-narrow
SSIL signals is investigated. Figure 4.4(a) shows the experimental setup for the BER
measurement. Unpolarized ultra-narrow SSIL at 1542.14 nm is first generated using
EDFAs, OBPF1, and the FFP filter, and then intensity-smoothed by using a gain-saturated

SOA. The optical injection power into the SOA is kept to 5 dBm, which could be lowered
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by utilizing an SOA with a low saturation power. It is worth to note that the cost of the
additional EDFAs and FFP can be shared among optical network units in a multi-channel
WDM-PON system [43]. For data modulation, a polarization-insensitive EAM is employed,
which is driven by a 12.5-Gb/s NRZ signal (PRBS length is 231-1). The extinction ratio of
the signal is measured to be 10 dB. After transmission over SSMF, the signals are fed to
OBPF2, which emulates the AWG at the remote node. Figure 4.4(b) shows the
transmittance of OBPF2. The optical filter is based on a bulk diffraction grating and has
flat-top passband with a full-width at half maximum of 0.4 nm. For offset optical filtering,
the wavelength of the SSIL source is detuned without touching OBPF2. Figure 4.4(b) also
shows the optical spectrum of the optical signal at SOA output with 0.12-nm optical offset.

The signals are detected by the PIN receiver. BERs are measured by using an error detector.
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Figure 4.5 Optical spectra of the ultra-narrow SSIL.
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Figure 4.5 shows the optical spectra of the ultra-narrow SSIL at the input and output
of the SOA. For this measurement, the ultra-narrow SSIL is mixed with the output of an
external cavity tunable laser and then detected with a photo-detector (bandwidth is 50 GHz)
followed by an RF spectrum analyzer. Before the EIN suppression, the 3- and 20-dB
linewidths of the light source are measured to be 400 MHz and 1.9 GHz, respectively. After
the EIN suppression using the SOA, however, they are increased to 600 MHz and 7.4 GHz,
respectively. This spectral broadening should be ascribed to phase modulation induced
chirp and FWM inside the SOA [54, 17].

Figure 4.6 shows the measured variance of the EIN versus the SSMF length. Data
modulation is not applied, and the optical power of the detected signal is kept unchanged

throughout this measurement. The figure shows that the EIN variance increases with SSMF
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Figure 4.6 Measured EIN variance of the ultra-narrow SSIL as a function of SSMF length. For
0.12-nm offset filtering, a 0.12-nm detuning of the SSIL source is applied to OBPF2 longer

wavelength edge.
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length. This EIN increase can be explained as follows: when a gain-saturated SOA is
employed to suppress the EIN of the SSIL source, the SOA creates a strong intensity
correlation between different wavelength components of the light [17]. For example,
intensity fluctuations at certain wavelength components are (partially) canceled by out-of-
phase intensity fluctuations at other wavelength components, and consequently, this
intensity correlation suppresses the overall EIN. However, this intensity correlation is
sensitive to wavelength-dependent optical phenomena such as fiber dispersion. Chromatic
dispersion serves to break the intensity correlation between different wavelength
components of the SSIL and negates the EIN suppression achieved by using the SOA [20].
Figure 4.6 shows that the 0.12-nm offset filtering lowers the EIN variances compared to
the case of no offset filtering (i.e., the offset is 0 nm). Thanks to the negative correlation
between amplitude and frequency, offset optical filtering produces the destructive
interference with the EIN and thus reduces the noise variance. On the other side, the -0.12-
nm offset filtering increases the noise variance by producing the constructive interference
with the existing EIN.

To have a better understanding of this offset filtering effect, the EIN spectra is also
measured. The relative intensity noise (RIN) spectra are next measured for the ultra-narrow
SSIL source to investigate the effect of offset optical filtering on the EIN spectrum. In this
measurement, no data modulation is applied to detect the noise spectra only. Figure 4.7
shows the RIN spectra measured after 0-and 30-km transmission. The increase in EIN after
transmission over dispersive medium is clearly observed in this figure. As explained in the
previous paragraph, fiber dispersion enhances the EIN by breaking the intensity correlation

between the different wavelength components of the SSIL. In particular, fiber dispersion
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increases high-frequency EIN because the high-frequency components undergo a
significant phase difference for a given temporal walk-off induced by dispersion [20]. The
results also clearly show that offset optical filtering helps to lower the high-frequency EIN.
For example, the EIN after 30-km transmission is lowered by 2 dB at 10 GHz, compared
to the case of no offset filtering. One of the significant findings in this measurement is that
offset optical filtering suppresses the high-frequency EIN. The cause of the negative
correlation between amplitude and instantaneous frequency of the SSIL is frequency chirp
induced by intensity fluctuations of the light. Therefore, a significant portion of the
correlation occurs at fast-varying high-frequency components of the intensity waveform

rather than slowly varying low-frequency ones. When offset optical filtering converts the
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Figure 4.7 Measured RIN spectra of the ultra-narrow SSIL. Data modulation is not applied to

this measurement.
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frequency waveform into amplitude, the high-frequency EIN components, which have a
relatively strong correlation, are efficiently suppressed.

Figure 4.8 shows the BER performance of the 12.5-Gb/s signals as a function of the
filter offset measured at the received signal power of -15 dBm. The BERSs are raised from
10 to 1073 as the transmission distance increases. When the ultra-narrow SSIL is externally
modulated by high-speed data (e.g., 12.5 Gb/s), the EIN residing mainly at low frequencies

(e.g., less than 1 GHz) spreads all over the spectral contents of the data (e.g., up to about
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Figure 4.8 Measured BER performance of 12.5-Gb/s ultra-narrow SSIL signals versus the offset

filtering. The received signal power is set to be -15dBm.

12.5 GHz in the 12.5-Gb/s modulation). As explained in the previous paragraph, chromatic
dispersion increases the high-frequency EIN and deteriorates the BER performance after

transmission. Figure 4.8 shows that despite the symmetric transmittance profile of OBPF2



[as see in Figure 4.4(b)], the BER performance is asymmetric on the filter offset. In
particular, the BER performance is poorer when the signal wavelength is tuned to the
shorter-wavelength edge of OBPF2 than when aligned with the longer-wavelength edge of
the filter. This performance difference is because the FM-to-AM-converted signal produces
constructive interference with the EIN to increase the EIN. The results also show that the
BER improvement by offset filtering increases with the SSMF length, as expected from
Figure 4.6. For example, there is only a marginal BER improvement at the back-to-back,
but the BER is lowered by a factor of 2 after 30-km SSMF. This BER improvement near
FEC threshold can be translated into more than five orders of magnitude improvement in
corrected BER after FEC decoding for super-FEC codes such as RS(2720, 2550) [69].

It is worth noting that the offset optical filtering technique increases the link loss and
consequently reduces the power budget of the system. In the demonstration, this system
suffers from a loss increase by less than 1 dB when the offset is set to 0.12 nm. However,
the proposed offset filtering improves BER floors, which are not improved by increasing
the optical power at the receiver. The small reduction in power budget can be readily

overcome by slightly increasing the fiber launch power.

4.4 Conclusion

The offset optical filtering technique has been proposed and demonstrated to reduce
the EIN of the ultra-narrow SSIL source. This chapter has shown that there exists a negative
correlation between amplitude and frequency of the light and it becomes stronger as the

transmission distance over SSMF increases. This chapter also finds that offset optical
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filtering converts the frequency waveform into amplitude and produces destructive
interference with the EIN to reduce the noise. The proposed scheme can be implemented
simply by detuning the wavelength of the AWG at the remote node, without incurring

additional costs or adding new components in WDM-PON systems.
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Chapter 5

Upstream Transmission Using Ultra-

narrow SSIL in WDM-PON Systems

5.1 Introduction

With the benefits of high capacity, strong tolerance to optical dispersion and optical
filtering effect, the ultra-narrow SSIL has been regarded as a promising light source in
WDM-PONSs [43]. However, the ultra-narrow linewidth of the SSIL would deteriorate the
signal tolerance to the in-band crosstalk (e.g. Rayleigh backscattering).

Thus, in this chapter, the upstream transmission of 10-Gb/s incoherent light signals are
first experimentally demonstrated, which are generated by using an ultra-narrow SSIL over
a loopback-configured 20-km SSMF link. The performance limitation of the signals
operating is first analyzed at two different FEC-rated line rates (i.e., 10.7 and 12.5 Gb/s)
over three distinct link configurations. Then, the 25-nm wavelength operation of the 10-
Gb/s/channel signals is demonstrated.

To improve the cost-effectiveness of the upstream transmission, this chapter is also
investigated using RSOA for the EIN suppression as well as the data modulation. The

upstream transmission of 5.35-Gb/s SSIL-seeded RSOA signals is transmitted over a 20-
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km loopback configured SSMF. To the best of our knowledge, 5.35-Gb/s is the highest

data rate ever achieved by using an SSIL-seeded RSOA or FP-LD.

5.2 10 Gb/s/channel upstream transmission using

ultra-narrow SSIL source

5.2.1 Introduction

Recently, the ultra-narrow SSIL source has been proposed and demonstrated to
improve the capacity and tolerance to optical dispersion effect in the WDM-PON systems.
However, the performance improvement of the ultra-narrow linewidth comes at the
expense of the tolerance of the in-band crosstalk and increasing spectrum-slicing loss.

To investigate the feasibility of the upstream transmission using ultra-narrow SSIL,
the upstream transmission of 10-Gb/s ultra-narrow SSIL light signals is first
experimentally demonstrated. This chapter first analyze the performance limitation of the
signals operating at two different FEC-rated line rates (i.e., 10.7 and 12.5 Gb/s) over three
distinct link configurations. Finally, the 25-nm wavelength operation of the signals is

demonstrated.

5.2.2 Experimental setup

Figure 5.1(a) shows the experimental setup. A wideband ASE is first generated by an

EDFA with no input signal and then spectrum-sliced by an FFP filter, which has a 3-dB
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bandwidth of 700 MHz. The ultra-narrow incoherent light is amplified by another EDFA,
and one of the FFP modes at 1542.1 nm is selected by two optical bandpass filters, OBPF1
and OBPF2, which emulate the AWG at the central office. The 3-dB bandwidth of the
OBPFs is 0.4 nm. After transmission over 20-km SSMF, the incoherent light is fed to an
optical circulator followed by a gain-saturated SOA for EIN suppression. The small signal
gain and saturation input power of the SOA at 1542 nm and biased at 200 mA are 22 dB

and -15 dBm, respectively. The EIN-smoothed ultra-narrow SSIL is sent to a polarization-
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Figure 5.1 Experimental setup of (a) scheme 1 (upstream transmission), (b) scheme 2 (without
in-band crosstalk), and (c) scheme 3 (without dispersion). The inset shows the optical spectra
of the signal at the SOA input, SOA output, and EAM output.

insensitive EAM driven by a PRBS (length is 231-1) for upstream transmission. The line
rate is set to be 10.7 and 12.5 Gb/s, taking into account the 7% and 25% overheads of FEC,

respectively. The ONU transmitter, which is composed of the circulator, SOA, and EAM
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in the demonstration, could be replaced with a reflective EAM-SOA for low-cost
implementation of the customer unit [75, 76]. After transmission over the SSMF, the 10-
Gb/s signals pass through an OBPF3 and detected by a PIN receiver. The 3-dB bandwidth
of the OBPF3 is 0.4 nm.

This chapter first optimize the fiber launch power of the light source in the setup. The
best BER performance can be achieved when the fiber launch power is 7.3 dBm. When the
fiber launch power is low, the SOA cannot operate in a saturation mode to sufficiently
suppress the EIN. On the other hand, the large fiber launch power reduces the signal-to-
Rayleigh backscattering ratio at the receiver. This is because the received signal power
levels off when the fiber launch power is large and the SOA is gain-saturated. At the fiber
launch power of 7.3dBm, the SOA input power of the source is measured to be 2.3 dBm,
which is large enough to saturate the SOA. The inset in Figure 5.1 shows the optical
spectrum of the ultra-narrow spectrum-sliced light at the SOA input. The 3- and 20-dB
bandwidths are 0.4 and 1.8 GHz, respectively. After the EIN suppression by the SOA, the
spectrum is broadened by FWM and phase-modulation-induced chirp inside the gain-
saturated SOA, as shown in the inset of Figure 5.1. The 3-and 20-dB bandwidths are
measured to be 0.6 and 7.5 GHz, respectively. It is worth noting that this bandwidth is still
narrower than the bandwidth expanding, which is induced by the modulation at 10 Gb/s.
Thus, the signal spectrum after the EAM is mainly determined by the modulation. This
phenomenon is clearly observed in the optical spectrum of the signal measured at the EAM

output (see Figure 5.1 inset).
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5.2.3 Results and discussion

The BER performance of the 10-Gb/s signals is measured. Figure 5.2 shows the BER
results of 10.7- and 12.5-Gb/s signals considering the different FEC overheads. As shown

in the results, the BER is improved with the received signal power up to -18 dBm in both
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Figure 5.2 Measured BER as a function of the optical received power in three different
configurations when the data rate is (a) 10.7 and (b) 12.5 Gb/s.

cases. However, error floors are observed at around 4>10* and 10~ at 10.7 and 12.5 Gb/s,
respectively. To investigate the primary cause of these error floors, the setup is modified
as shown in Figure 5.1(b) and (c). In Scheme 2 of Figure 5.1(b), two separate fibers are
utilized, one for seed light and the other for upstream transmission. This scheme is to
exclude the effects of in-band crosstalk such as Rayleigh backscattering. The BER
performance in Figure 5.2 shows a marginal difference between Scheme 2 and Scheme 1.
Thus, it implies that the consequences of the Rayleigh backscattering are insignificant. It

is interesting to note that the signal-to-Rayleigh-scattering ratio is measured to be 20 dB.
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However, when the Scheme 2 replaces the transmission fibers with optical attenuators, as
shown in Figure 5.1(c) (i.e., Scheme 3), the error floors are greatly improved. For example,
error floors at 6x10® and 5x10° can be achieved for signals at 10.7 and 12.5 Gbl/s,
respectively. Thus, the error floors observed in the loopback-configured network (i.e.,
Scheme 1) are due to fiber dispersion. Not only does the fiber dispersion distort the signal
waveforms, but it also breaks the intensity correlation created by the gain-saturated SOA

(between the SSIL components at different wavelengths) [20].

Scheme 1 Scheme 2 Scheme 3 2

FEC threshold (12.5 Gb/s)

-3 [ FECthreshold (10.7 Gbis)

—e—-10.7 Gb/s
-a-12.5 Gb/s

1530 1535 1540 1545 1550 1555
Wavelength (nm)

(a) (b)

Figure 5.3 (a) Measured eye diagrams of the signals in three schemes at different data rates.
The receiver signal power is -15dBm. (b) BER performance versus the center wavelength of
the SSIL source.

The optical eye diagrams of the signals in Figure 5.3 (a) also substantiate the
conclusion: eye closure of the signal as well as increased EIN for Scheme 1 and 2 are
observed. Nevertheless, the BER performance can be better than FEC thresholds of 1.2>10

% and 5.810° for the signals at 10.7 and 12.5 Gb/s, respectively.
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Figure 5.3(b) shows the measured BER versus the center wavelength of the SSIL
sources on the 100-GHz ITU-T grid when the received signal power is set to -15 dBm.
Since the FSR of the FFP used is slightly larger than 100 GHz, the wavelength of the FFP
is tuned to the grid every time the wavelength is changed. The results show that the 25 nm
of operation range for both 10.7-and 12.5-Gb/s signals can be achieved. Owing to the non-

white characteristics of the EIN, the 12.5-Gb/s signal outperforms the 10.7-Gb/s one.

5.2.4 Summary

The upstream transmission of 10-Gb/s signal generated is demonstrated by using an
ultra-narrow SSIL light source in a loopback configured 20-km SSMF link. This section
also shows 25-nm wavelength operation of the 10-Gb/s signals to demonstrate the

feasibility of 320-Gb/s capacity in C-band using an SSIL.

5.3 5-Gb/S Upstream Transmission Using an RSOA

Seeded by Ultra-narrow SSIL

5.3.1 Introduction

SSIL sources have long been considered as one of the promising candidates for light
sources of WDM-PONSs [11, 12]. The capability to simultaneously generate multiple WDM
channels is particularly attractive for cost-effective implementation of upstream

transmission for WDM-PON systems. RSOAs or FP-LD are typically used in conjunction
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with the SSIL for the color-free operation of upstream WDM-PON systems [70, 71]. In
this system, a broadband ASE is first sent from the central office, spectrum-sliced by an
AWG at the remote node, and fed to RSOAs or FP-LDs located at the customer premises.
Direct modulation of the optoelectronic devices imposes upstream information onto the
seeded incoherent light, which is then sent back to the CO for detection.

However, major technical hurdles of these systems include the limited modulation
bandwidth and poor dispersion tolerance. The maximum modulation bandwidth of RSOAs
and FP-LDs is limited by the carrier lifetime and is typically less than 2 GHz [72, 73]. Thus,
the previous experimental demonstrations using an SSIL-seeded RSOA or FP-LD
transmitter are all, to our knowledge, performed at < 2.5 Gb/s [70-74, 19]. On the other
hand, the transmission performance of the SSIL-seeded RSOA or FP-LD system is limited
by the wide linewidth of the seed light. When a wide-linewidth SSIL (e.g., linewidth wider
than 0.1 nm) is used as a seed light, it primarily determines the spectral width of the RSOA-
or FP-LD-modulated signal. Then, it can limit the maximum transmission distance over a
dispersion-uncompensated link. For example, the dispersion-induced pulse broadening of
a 2.5-Gb/s NRZ signal can exceed one-third the bit duration after 20-km transmission over
SSMF when a 0.4-nm SSIL is used as a seed light. The broad linewidth of the SSIL also
sets the minimum channel spacing of the WDM system and thus the maximum system
capacity.

The ultra-narrow spectrum slicing technique has been proposed drastically to reduce
the linewidths of SSIL signals [43]. Using this light source, the transmission of 10-Gh/s
NRZ signal is successfully demonstrated over 20-km SSMF without any dispersion

compensation. In this demonstration, however, the modulation was carried out by an
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electro-absorption modulator, which would not be suitable for an upstream transmitter due
to its large insertion loss. Moreover, an extra gain-saturated SOA was necessary for EIN
suppression before data modulation.

This section demonstrates an upstream transmission of 5.35-Gb/s SSIL-seeded RSOA
signals over a 20-km loopback configured SSMF link. To the best of our knowledge, 5.35-
Gb/s is the highest data rate ever achieved by using an SSIL-seeded RSOA or FP-LD. The
use of an RSOA for both data modulation and EIN suppression substantially simplifies the
customer unit for cost-effective implementation of SSIL-based upstream WDM-PON
systems. Two key techniques are adopted in our demonstration. the transmitter de-
emphasis is exploited to accommodate the 5.35-Gb/s NRZ signal in the 1.4-GHz-
bandwidth RSOA. The EIN noise, which remains after EIN suppression through the gain
saturation of an RSOA, is mitigated by using the offset optical filtering technique [38].
Owing to the narrow linewidth of the seeded light, the uncorrected BER can be achieved
lower than 107 after transmission over 20-km loopback configured SSMF link without

dispersion compensation.

5.3.2 Experimental setup

Figure 5.4 shows the experimental setup. A broadband ASE emitted from an EDFA is first
spectrum-sliced by using an FFP filter, which has a 3-dB bandwidth of 700 MHz and an
FSR of 102 GHz. After boosting the SSIL, one of the wavelength modes at 1542.31 nm is
selected through an OBPF (i.e. OBPFL1 in Figure 5.4). In real systems, OBPF1, and the two

EDFAs after the FFP should be replaced with a high-power EDFA. In such a case, the
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Figure 5.4 Experimental setup of 5-Gb/s RSOA-based upstream transmission.
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Figure 5.5 Measured E/O response of the RSOA used in the demonstration.

mode selection would be made by an AWG located at the RN. After transmission over 20-
km SSMF, the ultra-narrow SSIL is fed to OBPF2, which emulates an AWG at the RN.
The 3-dB bandwidth of OBPF2 is 0.4 nm. The unmodulated seed light is then injected into
an RSOA for upstream modulation. The RSOA used in this experiment is an uncooled

device housed in a transistor-outline can package. The bias current and saturation input
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power of this optoelectronic device are 34 mA and -17 dBm, respectively. When the
injection power is -10.3 dBm, the optical gain of the RSOA is measured to be 12.6 dB.
Figure 5.5 shows the measured E/O response of the RSOA. The 3-dB bandwidth is
measured to be 1.4 GHz. However, the frequency response of this device has a moderate
slope up to 5 GHz, and the 10-dB modulation bandwidth reaches 3.5 GHz. The RSOA is
directly modulated by a 5.35-Gb/s NRZ signal (PRBS length is 23!-1) integrated with a
two-tap de-emphasis signal condition to boost high-frequency components of the signal
which suffer more loss than low-frequency ones. The 1% post-tap de-emphasis emphasizes
the first bit immediately after the transition and de-emphasizes the remaining bits. The de-
emphasis is quantified through the amplitude of the emphasized signal (V;) and the de-

emphasized signal (V) as the following equation:
. Vi
De — emphasis level (dB) = 20log (7) (13)
2

Here, the V; is the amplitude of emphasized signal (i.e. the bit immediately after transition);
1, is the amplitude of the de-emphasized signal (i.e. the remaining bits). The inset in Figure
5.4 shows the eye diagram of the electrical signal driving the RSOA. It is assumed that an
FEC with 7% overhead is used [69]. Finally, the 5.35-Gb/s modulated upstream signal
traverses the 20-km SSMF back to the CO to be detected by a PIN receiver.

The de-emphasis ratio is first optimized by measuring the BER performance. The
results are shown in Figure 5.6(a). In this measurement, the RSOA injection power, and
optical power at the receiver are kept to be -10.3 and -15 dBm, respectively. An offset
optical filtering of 0.17 nm is applied, the effect of which will be explained later. In this

plot, the BERs are measured while changing the de-emphasis ratio. The RSOA bias current
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Figure 5.6 Measured BERSs (a) as a function of the de-emphasis ratio, and (b) as a function
of filter offset. The RSOA injection power and the signal received power are kept to be -10.3 and

-15 dBm, respectively.

is adjusted at each point to ensure that the RSOA driving current (i.e., AC-coupled data
plus DC bias) is always kept positive. The results show that the best BER performance is
obtained when the de-emphasis ratio is 6 dB. The eye diagrams in Figure 5.7 confirm the
performance improvement when the de-emphasis is employed. The optimum de-emphasis
ratio would be determined by the frequency response of the system, which is mainly
governed by the frequency response of the RSOA in the demonstration. Among modulation
data patterns that drive the RSOA, alternating bit patterns such as ‘101010 contain the
highest frequency components. In the experiment, these patterns are mainly composed of
a2.675 GHz (which is half of 5.35 GHz) tone and its harmonics. In Figure 5.5, the RSOA
at 2.675 GHz exhibits 6 to 7 dB lower E/O conversion efficiency than DC component,
which agrees well with the optimized de-emphasis ratio of 6 dB in Figure 5.6(a).

Next, the effect of offset optical filtering on the BER performance is investigated.

Figure 5.6(b) shows the measured BER as a function of the filter offset between the light
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Figure 5.7 The eye diagrams measured at the receiver with (a) no de-emphasis and -0.18-nm offset
filtering (b) no de-emphasis and no offset filtering, (c) no de-emphasis and 0.17-nm offset filtering,
(d) 6-dB de-emphasis and -0.18-nm offset filtering, (e) 6-dB de-emphasis and no offset filtering,
(f) 6-dB de-emphasis and 0.17-nm offset filtering. The RSOA injection power and received power

are kept to be -10.3 and -15dBm, respectively.

source and OBPF2. In this measurement, the offset is adjusted by tuning the wavelength
of the SSIL source. A 6-dB de-emphasis is applied to the signal driving the RSOA.
Recently, [38] has shown that the offset optical filtering reduces the EIN of the ultra-narrow
SSIL. A negative correlation is created between the amplitude and frequency of the ultra-
narrow SSIL when a gain-saturated SOA is employed to suppress the EIN. The offset
optical filtering then converts the frequency modulation into amplitude modulation to
produce destructive interference with the existing EIN. This offset filtering can be readily

realized by either locating the source wavelength at the longer-wavelength of the AWG at
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the RN or detuning the wavelength of the AWG to a shorter side with the light wavelength
fixed. A positive slope (i.e., increasing transmittance with optical frequency) of the filter
converts the frequency waveform into amplitude waveform without changing the sign of
the negative correlation. Figure 5.6(b) shows that a BER is improved more than an order
of magnitude when the offset is 0.17 nm. At this filtering offset, the BER is improved to
be less than 8x10™. It is interesting to note that offset filtering with a negative slope (i.e.,
at the shorter-wavelength edge of the filter) inverts the frequency waveform during the
frequency-to-amplitude conversion and produces constructive interference with the EIN.
Thus, the EIN noise grows at negative filter offsets, compared to center filtering. For
example, the BER is measured to be poorer than 10 when the offset ranges from -0.08 to
-0.15 nm. The electrical eye diagrams in Figure 5.7(a) and (d) clearly show the increase in
EIN after negative offset filtering. One noticeable feature of Figure 5.6(b) is that a BER
improvement can be achieved when the offset filtering is around -0.18 nm. This is
attributed to the fact that offset optical filtering also serves to compensate for the limited
bandwidth of the RSOA. This can be explained as follows. Due to the changes of refractive
index in RSOA, blue- and red-shifted chirps are generated at the trailing and leading edges
of the RSOA output signal [68]. A negative offset filtering helps to improve the rising time
of the leading edges by giving them a higher transmittance whereas a positive offset
filtering shortens the falling time of the trailing edges [77, 78]. It is worth noting that the
offset filtering increases the total link loss. In the experiment, the received power is reduced
by 2.4 dB at 0.17-nm offset filtering. However, the offset filtering improves BER floors,

which are not improved by increasing the optical power at the receiver. The small reduction
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in power budget should be overcome by slightly increasing the fiber launch power from

the CO.

5.3.3 Results and discussion

Figure 5.8(a) shows the BER performance of the 5.35-Gb/s signal in the loopback

configured link. It indicates that there exists an error floor at around 8x10* after upstream

transmission over 20-km SSMF. To investigate the cause of this error floor, the BER curve

is measured at the back-to-back operation. In this case, the transmission fiber is replaced

with an optical attenuator with the same loss to keep the seed power into the RSOA
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Figure 5.8 (a) BER curves measured at the back-to-back and after 20-km transmission with 0.17-

nm offset filtering. (b) Measured BER as a function of the RSOA injection power at the back-to-

back and after 20-km transmission. The optical power at the receiver is set to be -15dBm. The

de-emphasis of 6dB is employed for both measurements.
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unchanged. The results show that compared to the 20-km transmission, the error floor is
improved to around 10, Since the signal-to-Rayleigh-scattering ratio is measured to be
25.7 dB in the 20-km link and this scattering ratio turns out to have a negligible effect on
the BER performance, it can be concluded that the error floor observed after transmission
should be ascribed to fiber dispersion effects. When a gain-saturated SOA is employed to
suppress the EIN of the SSIL source, a strong intensity correlation is created between
wavelength components of the light source [17]. Fiber chromatic dispersion induces
temporal walk-off between the wavelength components and serves to break the intensity
correlation [20]. Consequently, the EIN suppression achieved by the SOA is negated, and
the EIN increases with the accumulated fiber dispersion. Nevertheless, a decent receiver
sensitivity (at an uncorrected BER of 1.2x10®) of -16.6 dBm can be obtained after
upstream transmission.

Lastly, the acceptable range of RSOA injection power is measured which can achieve
BERs lower than the FEC threshold. Figure 5.8(b) shows the BER measured at the received
power of -15 dBm as a function of RSOA injection power. The injection power is adjusted
by controlling the fiber launch power of the ultra-narrow SSIL source. The figure shows
that the BER after 20-km transmission exhibits a bathtub curve with its minimum at the
RSOA injection power of -7 dBm when the filter offset is set to be optimum for each point.
This behavior of the BER curve can be explained as follows. When the RSOA injection
power is low, the system will suffer from insufficient EIN suppression by the RSOA. On
the other hand, when the RSOA injection power becomes high (by increasing the fiber
launch power), the system performance is deteriorated by low signal-to-Rayleigh-

scattering ratio. This is because Rayleigh-back-scattered light increases with the fiber
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launch power but high RSOA injection power leads to a low optical gain of RSOA and
thus reduced the signal-to-Rayleigh-scattering ratio. This section also finds that the
optimum filtering offset moves to a longer wavelength as the RSOA injection power
decreases. For example, the optimum filter offset shifts from 0.17 to 0.15 nm as the RSOA
injection power increases from -17.3 to 7.8 dBm. This is because the slope of the filter
should be increased to cancel the EIN when the RSOA injection power is low and thus, the
EIN suppression is not sufficient. In multi-channel WDM-PON systems, fiber launch
power may vary from channel to channel due to the non-flat spectral profile of the ASE
source. In this case, the filtering offset cannot be optimized according to the RSOA
injection power. This is because the filtering offset should be identical all over the WDM
channels in SSIL-seeded WDM-PON systems. Therefore, the acceptable range of RSOA
injection power is also measured with the filtering offset fixed to 0.17 nm. Figure 5.8(b)
shows that the measured BERs after 20-km transmission are lower than the FEC threshold
when the RSOA injection power ranges from -2.3 to -13.3 dBm. It implies the seed power
variation of 11 dB is acceptable in multi-channel WDM-PON systems. The acceptable
range can be increased when the transmission distance is shorter than 20 km. The back-to-
back measurement in Figure 5.8(b) shows that successful upstream transmission can be

achieved as long as the RSOA injection power is larger than -15 dBm.

5.3.4 Summary

The upstream transmission of 5.35-Gb/s signals generated from the RSOA seeded by

ultra-narrow SSIL is measured. The light source can generate an incoherent comb signal
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with narrow-linewidth teeth, each being demultiplexed at the remote node to be used as a
wavelength-specific seed light for RSOAs at the customer premises. The single-port
semiconductor optoelectronic device not only suppresses the EIN inherent in the incoherent
light but also impose upstream data through direct modulation. Thus, the demonstrated
system can be implemented in a cost-effective manner for upstream WDM-PON systems.
Thanks to de-emphasis, offset optical filtering ultra-narrow linewidth of the source, a BER
lower than 103 can be achieved after transmission over 20-km loopback configured SSMF
link without any dispersion compensation. This section also shows that the demonstrated

system can tolerate an 11-dB variation of the ASE power from channel to channel.

5.4 Conclusion

This chapter first demonstrates the upstream transmission of 10-Gb/s signal generated
by using an ultra-narrow SSIL in a loopback configured 20-km SSMF link. The 25-nm
wavelength operation of the 10-Gb/s signals is also demonstrated to confirm the feasibility
of 320-Gb/s capacity in C-band window using the ultra-narrow SSIL source.

To further improve the cost effectiveness, the upstream transmission of 5.35-Gb/s
signals generated from the RSOA has been demonstrated, which is seeded by ultra-narrow
SSIL. The single-port RSOA not only suppresses the EIN inherent in the incoherent light
source but also impose upstream data through direct modulation. The 6-dB de-emphasis
and offset optical filtering are applied to accommodate the 5.35-Gb/s signal in the 1.4-
GHz-bandwidth RSOA and suppress the EIN, respectively. Also, the offset optical filtering

is exploited to reduce the existing EIN, which remains after EIN suppression suing the
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gain-saturated SOA. With the benefits of these two techniques and ultra-narrow linewidth
of the source, the BER is achieved to be lower than 10~ after transmission over 20-km
loopback configured SSMF link without any dispersion compensation. Thus, the
demonstrated system can be implemented in a cost-effective manner for upstream WDM-

PON systems.
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Chapter 6

Downstream Transmission Using Ultra-

narrow SSIL in WDM-PON Systems

6.1 Introduction

The SSIL source offers many advantages to cost-effective implementation of WDM-
PON systems, such as simultaneous generation of multiple wavelength channels and high
robustness against optical reflection. Thus, the SSIL sources have long been considered as
one of the promising candidates for light sources of WDM-PONs [11-13]. However, the
biggest drawback of this light source is the significant EIN (EIN), which is originated by
the spontaneous-spontaneous beating between different wavelength components of the
spectrum-sliced light. The EIN bandwidth is governed by the optical bandwidth of the light
source B, . A large B, extends the EIN over high frequencies at the receiver and
consequently lowers the power spectral density of the noise which distorts the signal
quality. Thus, the SNR of the SSIL signal is limited by B,/B,, where B, is the electrical
bandwidth of the receiver. The conventional way of reducing the deleterious effects of this
EIN and increasing the data rate is to broaden B, [11, 15]. This is to maintain the SNR of
the signal even though B, is increased to accommodate the higher data rate signal.

However, this approach imposes many problems: not only this approach is unhelpful to
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improve the capacity of the system, but it also makes the signal susceptible to optical
filtering and fiber dispersion. Therefore, previously reported 10-Gb/s transmission
experiments using SSIL sources are all demonstrated with the help of dispersion-shifted
fiber or using DCMs.

This chapter investigates the available performance of the signal using the ultra-
narrow SSIL in downstream transmission. The reach extension of a 10-Gb/s SSIL signal
using EDC is first experimentally demonstrated. It is the first time the EDC is utilized for
an incoherent light signal. By using a DFE having a 3-tap transversal filter and 7-tap
feedback filter; the 10-Gb/s signal over 50-km SSMF is successfully transmitted. 50-km is
the longest transmission distance over dispersion-uncompensated SSMF link ever achieved
by using a 10-Gb/s SSIL signal.

Furthermore, a 25-Gb/s/channel SSIL-seeded WDM-PON system, for the first time to
the knowledge, is experimentally demonstrated in this chapter. An ultra-narrow SSIL is
employed to make the 25-Gb/s signal robust against the CD and optical filtering. However,
the SSIL source having an ultra-narrow linewidth suffers from significant EIN. To suppress
this noise, a gain-saturated SOA and the offset optical filtering are exploited [33, 38]. The
waveform distortions caused by CD are mitigated by using the EDC. With the aid of these
techniques, the 25-Gb/s OOK signal can be transmitted over 20-km SSMF. To the best of
the knowledge, this is the first time that the signal using SSIL source could provide the

transmission at rate higher than 10 Gb/s/channel.
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6.2 50-km Transmission of 10-Gb/s SSIL signals
using EDC

6.2.1 Introduction

Cost-effective implementation and maintenance of wavelength-specific light sources
have long been a major stumbling block to widespread deployment of WDM-PONs. An
SSIL source has attracted a significant amount of attention as a solution to this issue. The
biggest drawback of SSIL sources, compared to conventional wavelength-specific
distributed feedback lasers, is the significant EIN created by the spontaneous-spontaneous
beating between different wavelength components of the spectrum-sliced light [11].

Even though the low-frequency (typically less than 2 GHz) EIN can be suppressed by
using an FFNR circuit [24] or a gain-saturated SOA [30], the conventional approach to
relieving this adverse EIN was to increase the optical linewidth of the source, B,. This
phenomenon is because that the SNR of the unpolarized SSIL is governed by B,/B,, where
B, is the electrical bandwidth of the receiver [11]. However, a large B, not only reduces
the spectral efficiency of the SSIL system but it also makes the optical signal vulnerable to
fiber dispersion and optical filtering. Therefore, previously reported 10-Gb/s transmission
experiments using an SSIL source are all performed over dispersion-shifted fiber or using
DCMs.

This section demonstrates through experiment the reach extension of a 10-Gb/s SSIL
signal using EDC without any costly optical dispersion compensation techniques. It is the

first time the EDC is utilized for an incoherent light signal. By using a DFE having a 3-tap
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transversal filter and 7-tap feedback filter; the 10-Gb/s signal is successfully transmitted
over 50-km SSMF. 50-km is the longest transmission distance over dispersion-

uncompensated SSMF link ever achieved by using a 10-Gb/s SSIL signal.

6.2.2 Experimental setup

The experimental setup is depicted in Figure 6.1. An EDFA with no input signal first
generates an unpolarized wideband ASE, which is then spectrally sliced by using an FFP
filter. The 3-dB bandwidth and FSR of the filter are 400 MHz and 102 GHz, respectively.
After optical amplification, one of the FFP modes located at 1542 nm is selected by an
AWG (bandwidth is 0.4 nm). The ultra-narrow spectrum-sliced light is then sent to an SOA
for EIN suppression. The SOA used is biased at 200 mA and provides an optical gain of
6.1 dB at this bias current when the input power is 5.3 dBm. The saturation input power of
the SOA is -15 dBm, and hence, the SOA operates in a deep saturation mode. The EIN-
suppressed incoherent light is fed to a polarization-insensitive EAM driven at a 12.5-Gh/s
NRZ pseudo-random bit sequence (length is 2%°-1). It is assumed that a concatenated FEC

12.5-Gb/s

EDFA EDFA NRZ data OBPF3 Offline

AW A e {ensie]

FFP OBPF1 SOA OBPF2

| 1
Detector n Equalizer |}
1

Figure 6.1 Experimental setup of 12.5-Gb/s SSIL-based transmission. Electronic equalizer is

utilized to extend the transmission distance.
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with an overhead of 25% is utilized. For example, the concatenated RS(255, 129) +
convolutional self-orthogonal code (n0/kO is 7/6, J is 8) can achieve a BER of 102 for
signals with an uncorrected BER of 5.8102. The modulated incoherent signal is amplified
to 5 dBm and launched to SSMF. At the end of the transmission fiber, the signal is sent to
an optical bandpass filter, which emulates an AWG at the remote node. Then, the signal is
detected with a 50-Gsample/s real-time oscilloscope after the optical-to-electrical
conversion of a PIN-FET detector. Electrical equalization and direct error counting are

performed offline using 10 million samples of data.

6.2.3 Results and discussion

This section first investigates the impact of fiber chromatic dispersion on the ultra-
narrow SSIL signal. It has been shown that the GS-SOA suppresses the intensity noise by
creating the intensity correlation between the components of the output light at different
wavelengths [20, 17]. However, wavelength-dependent optical phenomena such as fiber
dispersion and narrow optical filtering break this correlation and consequently undo the
EIN suppression [20, 17]. To isolate the waveform distortions from the EIN increase
caused by relationship breakdown, eye diagrams is constructed using averaged waveforms

of the signal, as shown in Figure 6.2. Thus, the eye closure in these eye diagrams is mainly
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Figure 6.2 Eye diagrams constructed from averaged waveforms of the signal at (a) 0 km, (b)
20 km, and (c) 50 km.

caused by dispersion-induced waveform distortions rather than the EIN of the light source.
Without the SSMF (i.e. back-to-back operation), some eye closure exists due to the limited
bandwidth of the EAM and photo-detector. As the transmission distance increases, one
noticeable feature of the eye diagrams is that the eye closure mainly comes from reduced
amplitude of isolated marks. As the fiber dispersion increases, isolated marks fast lose their
localized energy.

Next, the Q-factor of the isolated mark in ‘000010000’ patterns is measured to
investigate the effect of fiber dispersion on the EIN increase. Figure 6.3 shows the results.
The Q-factor is calculated to be (I; — Iy)/o;. The term I, is the average photocurrent of
the isolated mark, I, is the average photocurrent of the spaces, and g, is the standard
deviation of the isolated mark. It clearly shows that the fiber dispersion serves to break the

EIN created by the gain-saturated SOA even though the optical linewidth of the proposed
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Figure 6.3 Q-factor of the isolated mark in ‘00001000’ pattern versus the transmission
distance over SSMF.

light source is measured to be about 1 GHz only. This is because the spectral expansion
produced by the 12.5-Gb/s data modulation makes the signal susceptible to wavelength-
dependent optical phenomena including fiber dispersion. From Figure 6.2 and 6.3, it can
be concluded that the transmission performance of ultra-narrow spectrum-sliced light
signals would be limited by a poor SNR of isolated marks, which comes from both the

reduced amplitude of the separate marks and the EIN increased by correlation breakdown.
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Figure 6.4 Measured BER curves after 0-, 20-, and 50-km transmission.

Figure 6.4 shows the BER curves. For post-detection electronic equalization, an
electronic equalizer composed of either feedforward equalizer (FFE) or FFE plus DFE is
exploited. The tap coefficients of the equalizer are determined according to the least mean
square algorithm. The structure of the FFE and DFE is illustrated in Appendix B. At the
back-to-back operation, the receiver sensitivity (at a BER of 5.8x10%) is measured to be
better than -22 dBm without any equalization. An error floor is observed to be at around
3104, The error level rises as the transmission distance increases. For example, the

receiver sensitivities at -15 dBm received signal power are measured to be 1.6x10 and
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Figure 6.5 BER performance versus transmission distance.

9x102 after 20-and 50-km transmission, respectively. This degradation should be
attributed to the reduced amplitude of isolated marks and the increased EIN, as analyzed
in the previous paragraph. The electronic equalization enhances the amplitude of isolated
marks and thus the BER performance. For example, the BER is improved by up to a factor
of 4 at the back-to-back operation when a 6-tap FFE is employed. EDC also enhances the
BER after transmission. The BER performance versus the transmission distance is
summarized in Figure 6.5. In this plot, the received signal power is -15 dBm. Since the

significant performance improvement is achieved by using low-tap number equalizers, the
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maximum number of taps is limited to 7. The figure shows that the longest transmission
distance without EDC is less than 40 km. With the FFE only, however, it is available to
bridge up to 40 km over SSMF. With 3-tap FFE+7-tap DFE, the transmission distance can
be further improved up to 50 km, beyond which would be limited by the increased EIN.

It is worth noting that bit errors mostly occur at the isolated marks in the system and
thus single-bit errors overwhelmingly dominate over consecutive errors. Therefore, it is
expected that the FEC designed for non-burst random noise (e.g., additive white Gaussian

noise) would work for the system.

6.2.4 Summary

This section has demonstrated through experiment the Transmission of 10-Gb/s ultra-
narrow SSIL signal over 50-km SSMF using electronic equalization. Ultra-narrow
linewidth of the light source makes the signal less susceptible to fiber dispersion than the
conventional spectrum-sliced light signal and also allows us to utilize the EDC. Owing to
the EIN increase caused by correlation breakdown, the reach extension achieved by using

electrical equalization is limited to about 25%.
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6.3 25-Gb/s/per-channel WDM-PON Using SSIL

sources

6.3.1 Introduction

WDM-PON:Ss, thanks to their high capacity, future-proof upgradability, and secure
privacy, have been regarded as a promising solution for broadband optical access networks.
However, the widespread deployment of such systems has been hindered mainly by
relatively expensive WDM components including wavelength-specific light sources [3].
To lower the implementation, operation, and maintenance costs of WDM-PON systems,
extensive attention has been paid to cost-effective colorless transmitters such as SSIL
seeded optical transmitters [11, 43, 36, 37, 18]. In WDM-PON systems based on these
optical transmitters, a broadband ASE light is spectrum-sliced by an AWG and fed as seed
lights to colorless optical modulators including RSOAs and electro-absorption modulators.
Thus, these WDM-PON systems could be implemented cost-effectively without requiring
costly wavelength-specific optical transmitters. The WDM-PON systems based on SSIL-
seeded optical transmitters have been approved by ITU-T as an international standard for
PONSs providing 1.25-Gb/s/channel data services [13].

However, the potential of the SSIL-seeded optical transmitters to offer greater than
10-Gb/s/channel services is very unclear. This is because that the performance of these
optical transmitters is limited by the spontaneous-spontaneous beat noise of the incoherent
ASE light. The SNR of the SSIL-seeded optical transmitter is governed by B,/B,, where

B, is the optical linewidth of the SSIL source and Be is the receiver electrical bandwidth
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[11]. The use of a gain-saturated SOA has been proposed to suppress the beat noise [54],
but a large B, should be still exploited to accommodate high-speed signals [36, 37]. For
example, it is necessary to have B, greater than 0.5 nm to accommodate 10-Gb/s data rate.
However, a large B, makes the signal susceptible to fiber chromatic dispersion and optical
filtering (by AWGs in the network), and more importantly it limits the total capacity of
WDM-PON system [43]. For these reasons, all the previously demonstrated SSIL-seeded
WDM-PON systems were limited to 10 Gb/s/channel.

This chapter experimentally demonstrates, for the first time to our knowledge, a 25-
Gb/s/channel SSIL-seeded WDM-PON system. To make the 25-Gb/s signal robust against
the CD and optical filtering, the ultra-narrow-linewidth SSIL [43] is exploited. However,
the SSIL source having an ultra-narrow linewidth suffers from significant EIN. To suppress
this noise, a gain-saturated SOA and offset optical filtering [33, 38] are utilized. The
waveform distortions caused by CD are mitigated by using the EDC. With the aid of these

techniques, the 25-Gb/s OOK signal can be transmitted over 20-km SSMF.

6.3.2 Experimental setup

Figure 6.6 (a) shows the experimental setup. A wideband ASE generated from an
EDFA with no input signal is first spectrum-sliced by an FFP filter. The FFP filter used in
this experiment has a 3-dB bandwidth of 0.005 nm (is 700 MHz) and an FSR of 0.82 nm.
This ultra-narrow spectrum pre-slicing localizes the optical power of the SSIL-seeded light

at around the center of the passbands of AWGs in the network. Thus, it not only minimizes
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the power loss of the signal incurred by the AWGs in the network but also greatly improves

the energy consumption of the SSIL source [18]. Due to the periodicity of the passbands
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Figure 6.6 (a) Experimental setup of 25-Gb/s/channel SSIL-seeded transmission (b) The

optical spectrum of the 25-Gh/s OOK signal measured at the output of the modulator.

of the FFP, only one FFP filter is required for the generation of multiple WDM lights. One
of the periodic passbands of the spectrum pre-sliced ASE is selected by using an optical
bandpass filter, which emulates an AWG at the central office. The ultra-narrow SSIL at
1542.37 nm is then sent to a gain-saturated SOA for the suppression of the beat noise
inherent in the incoherent ASE light. The SOA has a small signal gain of 22 dB and a
saturation input power of -15 dBm when biased at 200 mA. The optical power of the SSIL
into the SOA is set to be 1.5 dBm. Thus, the SOA operates in the saturation regime. For
data modulation, the SSIL is fed to an EAM driven by a 25-Gb/s non-return-to-zero signal.
The modulation bandwidth of the EAM is measured to be 15 GHz. Figure 6.6(b) shows the
optical spectrum of the signal measured at the output of the EAM. Due to the ultra-narrow
linewidth of the SSIL, the spectral width of the signal is determined by data modulation
and its 20-dB spectral width is measured to be 30 GHz. This signal can be fit into a dense

WDM grid with a 50-GHz channel spacing. The 25-Gb/s OOK signal is launched into
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Figure 6.7 RIN of the SSIL sources with two different linewidths measured at the output of
the SOA.

SSMF and then fed to OBPF2 (passband center equals 1542.14nm, 3-dB bandwidth is 0.64
nm) before direct detection. This optical filter emulates an AWG located at the remote node.
The detected signal is sampled by using a 100-Gsample/s oscilloscope and processed off-
line. To compensate for the CD and band-limitation of the modulator, a half-symbol-spaced
4-tap FFE followed by a 2-tap DFE is employed. The tap coefficients of the equalizer are

determined by the minimum mean-square error criterion.

6.3.3 Results and discussion

This section first shows the efficacy of the use of ultra-narrow-linewidth SSIL. Figure

6.7 shows the RIN of the two SSILs having different linewidths measured at the output of
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Figure 6.8 Measured BER performance of the 25-Gb/s OOK signal as a function of the optical
filtering offset. Also plotted is the power loss incurred by offset filtering.

the SOA. No data modulation is applied to observe the RIN only. When the linewidth of
the SSIL is 0.5 nm, the RIN is lower than -120 dB/Hz below 3 GHz. The RIN increases to
higher than -113 dB/Hz beyond 9 GHz since the high-frequency RIN is not suppressed by
the SOA. After transmission over 20-km SSMF, the RIN rises considerably since the
spontaneous-spontaneous beat noise suppressed by the SOA is restored by CD [20]. The
SOA suppresses the beat noise by creating an intensity correlation between different
wavelength components of the SSIL. However, this correlation is vulnerable to
wavelength-dependent phenomena and thus can be broken by CD [20]. On the other hand,

the SSIL having a 0.005-nm linewidth has much lower RIN than the wide-linewidth SSIL.
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Except at the frequencies lower than 1 GHz, the measured RIN is lower than -120 dB/Hz.
Owing to the ultra-narrow linewidth of the SSIL sources, this RIN is also kept relatively
low after 20-km transmission. Thus, the ASE seed light with an ultra-narrow linewidth
outperforms the wide-linewidth SSIL regarding RIN and tolerance to CD and consequently
is more suitable for 25-Gb/s transmission.

Next, the BER improvement produced by the offset optical filtering is investigated.
Figure 6.8 displays the BER performance of the signal as a function of the wavelength
offset between the SSIL and OBPF2. The offset optical filtering is achieved by tuning the
passbands of the FFP filter without touching OBPF2. Thus, this offset filtering technique
does not increase the complexity of the WDM-PON system. The results clearly show that
the BER is improved when the SSIL is detuned to longer wavelengths. For example, the
BER measured after 20-km transmission is reduced from 2.4x107 to 7.5x10* when the
wavelength of the SSIL shifts from 1542.14 to 1542.37 nm (i.e., 0.23-nm offset). This
performance improvement should be attributed to the fact that a gain-saturated SOA creates
a correlation between amplitude and frequency (or chirp) of the SSIL and then the offset
optical filtering converts the chirp into amplitude to produce destructive interference with
the existing beat noise of the SSIL [38]. Although 0.23-nm offset filtering increases the
link loss by 1.1 dB, it could be readily compensated by slightly increasing fiber launch
power. The optimum amount of filtering offset remains unchanged regardless of the
transmission distance.

Figure 6.9 shows the measured receiver sensitivity (when the BER is 10°%) of the 25-
Gb/s OOK signal as a function of the transmission distance. Without using the EDC and

offset optical filtering, a receiver sensitivity of -15.7 dBm is achieved, but after 6-km
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Figure 6.9 Measured sensitivity (BER is 10®) versus the transmission distance.

transmission an error floor at around 1.8x<10 is observed. In the presence of EDC at the
receiver, the receiver sensitivity is improved by 1.1 dB in the back-to-back condition since
the EDC compensates for the band-limitation of the modulator. The EDC also compensates
for the waveform distortions caused by CD and enables us to transmit the 25-Gb/s signal
up to 15-km-long SSMF. Figure 6.9 shows that the efficacy of offset optical filtering is
improved as the transmission distance increases. This is because the correlation between
amplitude variation and the chirp of the seed light is enhanced with the transmission
distance [38]. With the aid of the EDC and offset filtering, the 25-Gb/s signal can be

transmitted over 20-km-long SSMF.
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Figure 6.10 shows the measured BER curves of the 25-Gb/s OOK signal. The 0.23-
nm offset filtering is employed, and the EDC is used at the receiver. In the back-to-back
condition, the receiver sensitivity is measured to be -16.8 dBm. After transmission over
20-km-long SSMF, the receiver sensitivity is degraded to -12.8 dBm, but BERs lower than
the forward error correction threshold of 10 can be achieved. The penalty after the

transmission is caused by the enhanced spontaneous-spontaneous beat noise, as explained
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Figure 6.10 Measured BER as a function of received power. The inset is the eye diagram of
the signal at the output of the EDC.

in the previous page. Thus, the BER performance after transmission can be considerably
improved by using optical dispersion compensation. Figure 6.10 also shows the measured

BER curve when a dispersion compensating fiber is inserted into the network. The amount
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of dispersion and insertion loss of the DCF are -400 ps/ nm and 3.0 dB, respectively. The
result shows that when the fiber CD is compensated, the performance after 20-km
transmission is almost the same as the back-to-back performance. Thus, in WDM-PON
systems having a large number of channels, a DCF module could be used in the systems to

compensate for the fiber dispersion all over the WDM channels.
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Figure 6.11 (a) Measured PMF of the number of consecutive errors in the back-to-back
operation (BER is 10*#) (b) The PMF of the number of consecutive errors of the signal with

Gaussian noise.

6.3.4 FEC selection

In previous studies, the FEC coding is utilized to relax the BER requirement from 10 2 to
1.2x10 3 or 5.8 <10 2 at the expense of 7% or 12.5% overhead, respectively. To further investigate
the suitable FEC code for the ultra-narrow SSIL utilized with a gain-saturated SOA, the statistical
characteristics of the error occurrences is firstly identified. The EIN of the SSIL source is not solely

Gaussian-like noise [47]. With sufficient noise suppression of GS SOA, this EIN would exhibit
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Gaussian distribution and the actual distribution would change with the transmission distance as
well as the transmission capacity.

The probability mass function (PMF) of the number of consecutive errors (BER is 10) is
measured in Figure 6.11 (a). This figure demonstrates that there exist the consecutive errors (i.e.,
burst errors), and the majority of the burst error have a length of 2 bits. This is in contrast to the
case of Gaussian noise, where the probability of burst error is minuscule as shown in Figure 6.11
(b). Therefore, to obtain the better BER improvement, the FEC is required to correct the relatively

short burst errors as well as the random errors. To correct the burst errors, the FEC codes can be
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Figure 6.12 Measured receiver sensitivity versus code rate (without FEC overhead) for various
FEC codes.
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utilized, which are based on non-binary Galois fields (e.g. interleaved Bose-Chaudhuri-
Hocquenghem codes (BCH codes) or RS codes) [55, 79].

Moreover, to relax the BER threshold, an FEC code with higher FEC coding/decoding
complexity and larger overhead is typically expected to obtain a larger net coding gain. To evaluate
the impact of FEC complexity and overhead, the receiver sensitivity (at FEC corrected BER equals
101?) is measured as a function of the code rate for FEC codes with various overhead. The SOA
optical injection power was fixed to be 1.5 dBm.

The line rate is set to be 25 Gb/s (including the overhead of FEC codes). Hence, the horizontal
axis shows the code rate without considering the FEC overheads. The vertical axis shows the
required optical received power after transmission over 20-km SSMF. Increasing the FEC overhead
(i.e. lower code rate) could always obtain higher coding gain [80]. However, Figure 6.12 shows
that higher FEC code overhead cannot necessarily improve the receiver sensitivity. This was
because that increasing the FEC complexity could improve the coding gain with lower FEC
overhead [80].

Thus, it is necessary to utilize an efficient FEC (i.e. high coding gain with small overhead) for
the SSIL-seeded WDM-PON systems. Among the FEC codes evaluated in Figure 6.12, the Reed-
Solomon codes and Bose-Chaudhuri-Hocquenghem codes are investigated, such as RS(255, 223),
RS(2720,2550), BCH(4083, 3705), the concatenated scheme using RS(252,236) as outer and
BCH(2700,2520) as inner code and another concatenated scheme using BCH(3860, 3824) as outer
code and BCH(2040, 1930) as inner code. Both of these codes could reduce the error floor and
extend the reach distance up to 20 km.

Moreover, as previously discussed, the EIN would result in some burst errors, which would
slightly change the coding gain of FEC codes [81]. Although RS codes and BCH codes are based
on non-binary Galois fields and could correct the burst error, it is necessary to do the practical

experiments to confirm the effectiveness of the FEC codes in the SSIL-seeded WDM-PONSs.
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6.3.5 Summary

This section has experimentally demonstrated a 25-Gb/s/channel WDM-PON system
based on SSIL-seeded light sources. Thanks to the spectrum pre-slicing by using an ultra-
narrow FFP filter, offset optical filtering, and EDC, a 25-Gb/s OOK signal over 20-km

SSMF is successfully transmitted at BER lower than 1073,

6.4 Conclusion

This chapter has demonstrated the available performance using ultra-narrow SSIL
source in downstream transmission. Thanks to the strong tolerance to optical dispersion of
the ultra-narrow SSIL, the 10-Gb/s signal could be transmitted over 35-km at BER
threshold (i.e. 5.810%) without any dispersion conpensation. With the assistance of simple
electronic equalization (i.e. 3 tap FFE + 7-tap DFE), the reach extension could be larger
than 25%.

Furthermore, through the offset optical filtering and electronic equalization, a 25-
Gb/s/channel WDM-PON system has been successfully experimentally demonstrated
based on SSIL-seeded light sources at BER lower than 107, To the best of our knowledge,
this is the first time that the SSIL-seeded light sources could transmit signals at a data rate

higher than 12.5 Gb/s/channel.
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Chapter 7

Conclusions and Future Works

7.1 Conclusions

Chapter 3 has conducted the experimental and simulation studies on the optimum
linewidth of SSIL source using a GS-SOA (as an EIN suppressor) for the maximum
capacity and longest transmission distance. The BER performances of the 10-Gb/s OOK
signal generated by using the SSIL source are evaluated over a wide range of source
linewidth. Chapter 3 has found out that there are two windows of linewidth for high-speed
operation of the SSIL source: very broad (i.e., the linewidth is much wider than the receiver
bandwidth) and ultra-narrow (i.e., the linewidth is much narrower than the receiver
bandwidth) and. However, when the SSIL linewidth is very broad, the fiber chromatic
dispersion and narrow optical filtering serve to break the intensity correlation created by
the GS-SOA, and consequently, the BER performances of the 10-Gb/s signal are
considerably deteriorated after transmission. Thus, the optimum linewidth for capacity and
transmission distance is found to be ultra-narrow. For example, as shown in the simulation,
by using ultra-narrow SSIL sources with a 200-MHz linewidth, it is possible to transmit
the 10-Gb/s OOK signal over 60-km long dispersion-uncompensated SSMF. Moreover,
the channel spacing can be reduced as narrow as 13.2 GHz for the 10-Gb/s signals and thus

it is feasible to implement an ultra-dense WDM system with the spectral efficiency of 0.75
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b/s/Hz. However, these benefits come at the expense of large spectrum-slicing loss and
immense optical input power into the SOA. It has been shown that the ultra-narrow optical
filtering of a wideband ASE induces a significant spectrum-slicing loss. The SOA input
power of the SSIL required to suppress the EIN sufficiently is also increased when the
linewidth of the SSIL is ultra-narrow. However, these enhanced requirements of optical
power could be readily satisfied by using high-gain and/or high-power optical amplifiers.
The cost of these optical amplifiers can be shared by multiple channels and thus becomes
insignificant as the number of WDM channels increases. It has also been demonstrated that
the use of ultra-narrow SSIL sources makes the signal susceptible to in-band crosstalk
possibly caused by Rayleigh backscattering and optical reflection in WDM-PON systems.
Nevertheless, the experimental and simulation results show that the 10-Gb/s OOK signal
generated by using the ultra-narrow SSIL source with a 700-MHz linewidth is robust
against in-band crosstalk as large as -14 dB on the signal. Therefore, the ultra-narrow SSIL
sources could be used to implement high-capacity WDM-PON systems cost-effectively.
Chapter 4 have proposed and demonstrated the offset optical filtering technique
cooperated with the gain-saturated SOA to reduce the existing EIN of the ultra-narrow
SSIL source. It has been shown that a negative correlation exists between amplitude and
frequency of the light and it becomes stronger as the transmission distance over SSMF
increases. It is also found that offset optical filtering converts the frequency waveform into
amplitude and produces destructive interference with the EIN to reduce the noise. The
proposed scheme can be implemented simply by detuning the wavelength of the AWG at
the remote node, without neither incurring additional costs nor adding new components in

WDM-PON systems. In the demonstration, the system suffers from a loss increase by less
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than 1 dB when the offset is set to 0.12 nm. However, the proposed offset filtering improves
BER floors, which are not improved by increasing the optical power at the receiver. The
small reduction in power budget can be readily overcome by slightly increasing the fiber
launch power.

Chapter 5 first demonstrates the upstream transmission of 10-Gb/s signal generated by
using an ultra-narrow SSIL in a loopback configured 20-km SSMF link. The 25-nm
wavelength operation of the 10-Gb/s signals is also shown to demonstrate the feasibility of
320-Gb/s capacity in C-band using an SSIL. To further improve the cost-effectiveness and
simplify the implementation, an RSOA is utilized as a direct modulator as well as an EIN
suppressor. This chapter has successfully demonstrated an upstream transmission of 5.35-
Gb/s ultra-narrow SSIL signals using an RSOA over a loopback-configured 20-km link.
The key enablers are offset optical filtering and de-emphasis. a BER lower than 1.2x103
is achieved with the RSOA injection power as low as -13.3 dBm.

Chapter 6 experimentally demonstrated a 25-Gb/s/channel WDM-PON system based
on SSIL-seeded light sources. Thanks to the spectrum pre-slicing by using an ultra-narrow
FFP filter, offset optical filtering, and EDC, a 25-Gb/s OOK signal is successfully
transmitted over 20-km SSMF at BER lower than 107, This is the first time, to the best of
our knowledge, SSIL could provide service greater than 10-Gb/s/channel. This chapter also
demonstrated through experiment the transmission of 10-Gb/s ultra-narrow SSIL signal
over 50-km SSMF using simple electronic equalization. Ultra-narrow linewidth of the light
source makes the signal less susceptible to fiber dispersion than the conventional spectrum-

sliced light signal and also allows us to utilize the EDC. Owing to the EIN increase caused
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by correlation breakdown, the reach extension achieved by using electrical equalization is
limited to about 25%.

The findings of this thesis can help implementing WDM-PONSs in a cost-effective way
by utilizing ultra-narrow SSILs with efficient EIN-suppression techniques and FEC codes.
The use of ultra-narrow SSILs is beneficial for cost-sensitive access applications since it
could provide high-speed service (i.e. transmission rate larger than 25 Gb/s/channel) with

narrow channel spacing and without the costly optical dispersion compensation techniques.

7.2 Future works

7.2.1 FEC

The explosive development of high-speed DSP and ADC processors have accelerated
the utilization of more and more signal processing techniques in optical communication
systems. Especially, the forward error correction coding greatly improves the tolerance of
fiber distortion as well as the channel capacity [80-82]. Conventionally, 7% overhead is
employed for the FEC coding to achieve limited performance improvement [69, b80-82].
At the expense of higher overhead ratio (e.g. 25%), the system performance can be further
improved. More importantly, the third-generation FEC (e.g. soft-decision decoding low-
density parity-check (LDPC) codes) [83-86] and Turbo codes [87-91] could increase the
BER limitation from 107 to higher than 102, Thus, practical FEC experiment in the optical
communication system using ultra-narrow SSIL could further improve the system

performance.
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7.2.2 Feedforward noise reduction with ultra-narrow SSIL source

The FENS technique has been applied to reduce the EIN of the SSIL-seeded WDM
system [24]. Moreover, it has been demonstrated that this technique could work
constructively with the GS-SOA method at 10-Gb/s/channel WDM system.
Conventionally, the SSIL has linewidth much larger than the electrical receiver bandwidth
and the EIN also has a bandwidth greater than the electrical receiver bandwidth. Thus, the
FFNS performance depends on the characteristics of its feedforward noise-reduction
circuits, which dramatically increases the system complexity and implementation cost.
However, the EIN of ultra-narrow SSIL source is mainly located within the low-frequency
band (less than 3 GHz). Hence, the FFNS can be utilized associated with the ultra-narrow

SSIL, and the FFNS circuit could be independent of the data rate.
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Appendix A:

SNR of Optical Signal Using SSIL

This section illustrates the derivation of (4) in details.

This derivation process is based on [59, 92]. To simplify this question, the optical
amplifier is assumed to have unity gain G and uniform coupling efficiency over an optical
bandwidth B,. The input optical power is set to be Pi, at optical frequency o, which is
centered at the optical passband B,.

Then the optical amplifier would generate spontaneous emission power at the optical
passband Bo. The power is given as below [94]

P,y = Ngp (G — 1)hvB, (A1)
The hv is the photon energy, N, is the spontaneous emission factor, G is the amplifier
gain, B, is the optical bandwidth and P, is the spontaneous emission power.

In the electronic field, the spontaneous emission could be represented as E,, which

is a sum of cosine terms as shown below:

By /26v

Eg,(t) = z \/ZNSP(G — Dhvév - cos((w, + 2mkév)t + @), (A2)

BO
26v

k=(-

O —

26v

Ng, (G — 1)hv = N, and M (A3)

This &, denotes the random phase of the k™ component of the spontaneous emission. The
M is the number of frequency components; each component has v bandwidth. Moreover,

N, represents the spontaneous emission noise power at the amplifier output.
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Therefore, at the amplifier output, the total electrical field can be expressed as

M
E(t) = +/2GP;, cos(w,t) + z 2N, 6v - cos((w, + 2mkdv)t + 0, (A4)
k=—M

Assuming this photodetector has unity quantum efficiency, then the photocurrent i(t) is

proportional to the optical intensity as shown below
i(t) = F2(0) — (A5)
B hv

The bar represents the time averaging over optical frequencies. Then the photocurrent can

be expressed as

M
e 4e
i(t) = GPinE + o Z JGPyN,8v - cos(w,t) cos((w, + 2mkév)t + By)
k=—M

M 2

Z cos((w, + 2mkdV)t + @y,)
K=—M

+ (A6)

The three terms in (A6) indicate the signal, signal-spontaneous beating noise, and

spontaneous-spontaneous beating noise, respectively [59].

Signal-Spontaneous Beating Noise

Firstly, simplify the signal-spontaneous beating noise.

M
4e
lsig—sp(t) = " Z GP;,,N,6v - cos(w,t) cos((wo + 2mkdv)t + cbk)
k=—M

M
2
= h—z,/GPmNOSv Z cos(2mkoévt + @) (A7)
k=—M
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According to (A7), each frequency 2mkdv has two components and a random phase.
Thus, the power spectrum of is;,_g, (t) is uniform within the frequency range [0, B,/2]

and has density as
4e? 1
Nsig—sp = WGPL'YLNO ' E 2
2

4e
= EPinNsp(G - 1)G (A8)

Spontaneous-Spontaneous Beating Noise
Derived from the (A6), the spontaneous-spontaneous beating noise can be expressed

as

2

. ove 4
Lsp—sp(t) = 2N, T Z cos((a)o + 2nkév)t + CDk)
k=—M

6 M M
_ zzvo% kZM cos(ﬁk)jZM cos(f)) (49)

where By = ((w, + 2wkév)t + @) and By, = ((wo + 2mjoév)t + ij) A(10)

The (A10) can be simplified as

M M 1
5 —COS(ﬁk - .3') +
isp—sp(t) = ZNO h‘l;e z E 21 J (All)
k=—M j=—M Ecos(ﬁk + ﬁj)
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In (A11), the terms in cos(By + ;) have frequencies at 2w, . Due to the limited response
of the photodetector, the average of the terms in cos(ﬁk + ﬁj) is zero [59]. Thus, (Al11)

can be further simplified as

2M 2M

gy (t) = N"h;svve Z Z cos((k — j)2movt) + (@ — @,)| (A12)

k=0 j=0
Thus, in (A12), there are 2M average terms, which are obtained at k = j, and the average

terms can be written as

N, éve2M
14 = "h—v = Ng»p (G — 1)eB, (A13)

Moreover, the power of the average components are
pde = 14¢® = [N, (G — 1)eB, ]’ (A14)

Moreover, according to (A14), the terms number at different frequencies could be obtained

Frequency Terms number
—(2M — 1)év 1
—(2M - 2)6v 2

—ndv 2M —n
név 2M —n
(2M — 1)6v 1

Hence, the spontaneous-spontaneous beating noise has power density near dc as

(2N,e)%8v (B 1
oo = gr (g~ 1) 7= P G~ 1%, (A1)
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Usually, the optical bandwidth of ASE, B, is much larger than the electrical bandwidth
of the receiver B,. Thus, the power of spontaneous-spontaneous beating noise within the

electrical bandwidth (extract the average components) can be derived as

P& =B, - Ngp_s, = 2N5,*(G — 1)?e?B, B, (A16)
In the SSIL signal, the average terms of the spontaneous-spontaneous beating are
considered as the signal components while the variance terms of the spontaneous-
spontaneous beating are taken as the EIN. Thus, according to (A15) and (A16), the SNR

of the SSIL signal can be expressed as

P% B
sp e
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Appendix B:

Electronic Equalization

This section illustrates the structure of the electronic equalization, which is utilized in
the upstream transmission using ultra-narrow SSIL in WDM-PON systems (i.e. Chapter 5)
and downstream transmission using ultra-narrow SSIL in WDM-PON systems (i.e.
Chapter 6).

In principle, all of the linear impairments could be sufficiently compensated through
the digital filters [93]. The adaptive equalizer can handle everything including laser phase
noise, time-varying chromatic dispersion as well as the polarization-mode dispersion. Thus,
to hand the time-varying optical dispersion and other slow linear distortion effects, in the
systems, the fractional DFE is utilized, which could automatically adjust its tap coefficients
to compensate for the chromatic dispersion and optimize the system performance. The
algorithm and structure of this equalizer are illustrated as below.

Linear equalizer: feedforward equalizer

The structure of the linear feedforward equalizer is shown in figure B.1. In the tap and
delay equalizer, the interval between two adjacent taps is T. And the criterion of
minimization of the mean square error (MMSE) is utilized to determine the coefficients

{cx} of the equalizer taps.
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Through the iterative algorithm, the MMSE could be eventually obtained after successive
corrections of the tap weights. The principle of LMS equalizer could be illustrated by the

following equations:

y(n) = W—(n;”- prss (B1)
e(n) =d(n) —y(n) (B2)
TSR )

Here y(n) is the output signal of the equalizer. W_(n3 = [w[0],w[1],---,w[N — 1]] is the
vector of the equalizer taps' weights, and N is the tap length of the equalizer. X(_n; =
[x[n — 1], x[n — 2],---,x[n — N]] is the vector of the received signal samples, n is the
number of the received symbol. u is the step size of this iterative algorithm which

determines the convergence of the tap weights. e(n) is the error between the desired

symbol and the equalized signal.

x[n—1] x[n—2] x[n—N+1] x[n — N]
-----
wlo] Wﬂré) wiN—2] < wiN —1]
Z —> vy

Figure B.1 Structure of symbol-spaced FFE [93].
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In the above illustration, the receiver is assumed to have the knowledge of the error
between the desired signal and the equalized output signal. Thus, a training sequence is
utilized to initialize the equalizer’s tap coefficients to be converged. In the training stage,
the pre-defined training sequence is utilized as the desired signal in the receiver. After the

equalizer's tap weight is converged, the receiver turns to the receiving stage.
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Figure B.2 Structure of half-symbol-spaced DFE [93].

Linear equalizer: feedforward equalizer

However, the feedforward equalizer would amplify the noise and crosstalk. Thus,
adding the nonlinear equalizer (e.g. DFE) could help to flatten the channel response. The
structure of the FFE + DFE is displayed in figure B.2. As shown in Figure B.2, the
fractionally spaced equalizer is utilized, which has half-symbol spaced tap interval.
Compared to the symbol-spaced equalizer (i.e. tap interval = symbol duration), fractionally
spaced equalizer satisfies the Nyquist requirement, and the performance would not be

degraded by the aliasing effect.
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To initialize the tap weights, the pre-defined sequence is first utilized. Upon the
convergence of the tap coefficients (i.e. MMSE), we can switch to a directed decision
where the decision output are used to form the error signal e[n] and fed to the feedback.

The principle of this equalizer could be expressed as below

y() = ot [ 2] (B4)
e(n) = d(n) —y(n) (BS)
wor D~ won TGS a1 e ™ (B6)
x(_ns = [x[n— 1],x[n—2],---,x[n—N1]] (B7)
D [d[n—1];[n—2],"~,d[n—N2]] (B8)

w(n) = [p[0], p[1], -+, p[N; — 1],q[0],q[1],--, q[N, — 11] (B9)

Where N, is the tap length of the FFE and N, is the tap length of the DFE.
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