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ABSTRACT

The purpose of this thesis is to investigate the effect of dispersion on a spectrum-sliced
WDM (SS-WDM) system, specifically a system employing a single-mode optical fiber.
The system performance is expressed in term of the receiver sensitivity defined as the

average number of photon per bit, required for a given probability of bit erré,.

The receiver sensitivity is expressed in terms of two normalized parameters: the ratio of

the optical bandwidth per channel and the bit rate B,/ R, = B,T , and the

transmission distance normalized by the dispersion distahcg. The former represents

the effect of the excess beat noise caused by the signal fluctuation. The latter represents
the effect of dispersion. The excess beat noise can be reduced by increasing the value of

m (increasing the optical bandwid®, for a given bit rateR, ). However, a largen

implies that the degradation due to the dispersion is severe in a system employing a
single-mode fiber. Therefore, there should be an optimumesulting from the two
effects. The theoretical results obtained from our analysis have confirmed this prediction.

It is also shown that the optimum (m,,,) decreases with an increase in the normalized

distance. This suggests that the dispersion strongly affects the system performance. The
increase in the excess beat noise is traded for the decrease in the dispersion effect.
Additionally, the maximum transmission distance is relatively short, compared to that in
a laser-based system. This suggests that the SS-WDM systems with single-mode fibers
are suitable for short-haul systems, such as high-speed local-access network where the
operating bit rate is high but the transmission distance is relatively short.
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Chapter 1

INTRODUCTION

In the past dating back to the beginning of our civilization, people ingeniously
used fire and smoke signals to transfer information. Such ideas were still used i the 18
century with signaling lamps, flags, and other semaphore apparatus being used instead.
These kinds of communications were relatively slow, compared to the modern-day
communications. The method of communications was advanced further with the advent
of telegraphy, which used electricity instead of light as a signal. The invention of
telegraphy brought the world into the electrical-communication era. However, a single
major event that considerably affected our world was the invention of the telephone in
1876 [1]. This event has drastically transformed the development of communication
technology.

The use of the telephone has increasingly grown from a pair of telephones to
telephone networks. Therefore, technology in transmission has had to be continuously
developed in order to sufficiently increase the capacity of telephone networks. At first,
wire pairs were replaced by coaxial cables to improve the capacity; however, the capacity
of the coaxial cables is also not sufficient. This led to the development and deployment of
microwave communication systems. The capacity is usually measured in term of the bit
rate-distance produd@L whereB is the bit rate andl is the repeater spacing. The most
advanced microwave system was able to operaBt giroduct of around 100 Mbps-km.
Technological advances in various communication systems have been investigated in
order to increase thBL. Such increase is shown in the Fig 1.1. It is clearly seen that the
operating frequency has been continuously shifted to higher frequency to increBse the
product. This is because the bit rate-distance proBuctundamentally depends on the
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magnitude of the carrier frequency. Thus, the microwave systems had reached their
inherent limitation.

However, the demand in the bit rate-distance pro@lctontinues to increase.
Thus, the microwave and coaxial systems could no longer support such demand cost-
effectively and efficiently. Consequently, it was necessary that the carrier frequency had
to be higher in order to overcome the fundamental limitation. The next higher frequency
band is in the region of light; thus, the term “optical (fiber) communication systems” has

emerged.

1.1 EVOLUTION IN OPTICAL FIBER COMMUNICATION
SYSTEMS

As their name implies, these kinds of communication systems use optical waves
as carriers; hence, the bit rate-distance pro@lctan be improved several orders of
magnitude compared to the microwave and coaxial systems as seen in Fig. 1.1. The most
appropriate media that are used as channels in these systems are the optical fibers, which
was proposed in 1966 [2]. However, the first-encountered problem was that available
fibers during that time had extremely high loss which exceeded 1000 dB/km. This
problem challenged the researchers and engineers to find processes by which low-loss
optical fibers could be fabricated. Finally, this problem was solved in 1970 [3], when
optical fibers having acceptable attenuation was first obtained.

The combination of low-loss optical fibers and the advance in semiconductor
technology made the optical fiber communication system practically possible. In 1978,
the first systems were commercially deployed. Their operating wavelength was at 0.8
pum, and they were capable of carrying bit rates of 50 —100 Mbps with a repeater spacing
of approximately 10 km [1]. As the technology in optical-fiber fabrication progressed,
lower-loss optical fibers became feasible, which led to higher bit rate-distance product
BL. The progress in the bit rate-distance prodeictof the optical fiber communication
systems is shown in Fig. 1.2. It is usually divided into five generations and they are

briefly described as follows.

1.1.1. First Generation
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The first generation of optical fiber communication systems utilized multimode
optical fibers and operated in the 8 wavelength region. The advantage of the
multimode fibers is that their core is large; thus, coupling of the light from the source into
the fiber is not difficult. However, large core diameter also leads to an unavoidable
drawback. The major drawback is that the optical waves travel in the fiber with different
paths; therefore, the optical waves arrive at the receiver with slightly different time
delays, which causes pulse spreading. This phenomenon is termed multimode dispersion,
also called intermodal dispersion.

In addition, there is another type of dispersion called intramodal dispersion or
chromatic dispersion, which is due to nonlinear phase response of the optical fiber. The
nonlinear phase response results in the optical waves at distinct frequencies arriving the
receiver at different time delays. Both types of dispersion generate intersymbol
interference (I1SI), which limits the system performance. The bit rate-distance pgiduct
of the first generation is therefore limited by both types of dispersion and fiber loss.

1.1.2. Second Generation

One way to eliminate intermodal dispersion is to utilize a single-mode optical
fiber. In this type of fiber, there is only one path (mode) in which the optical wave is
allowed to travel; therefore, only intramodal dispersion exists. Another advantage of
using the single-mode optical fiber is that this type of fiber has less internal (Rayleigh)
scattering [3]; thus, the attenuation is also less than that of the multimode fiber.

It was found that in the 1.@m wavelength region, the attenuation is less than in
the 0.8pm wavelength region as shown in Fig. 1.3. In addition, as seen in Fig. 1.4 the
optical fiber exhibits the lowest dispersion effect in this new region. Both advantages
could lead to higheBL product. With the advance in semiconductor technology,
operating the systems at Ju8 window was finally realized. As a result, larger bit rate-
distance producBL of the order of 200 Gbps-km was achieved and it was solely limited
by fiber attenuation. At this figure dL product, the undersea fiber optic system
became feasible. The first transatlantic system called TAT-8 was implemented, and
started operating in 1988 [4]. It consists of three pairs of single-mode optical fibers (one
pair for backup purpose), and each pair operated at 296 Mbps (one for each direction).
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1.1.3. Third Generation

As seen in Fig. 1.3, the attenuation in the single-mode fiber is lowest in the 1.55-
pum wavelength region (0.2 dB/km). However, the intramodal dispersion in this
wavelength region is so severe that its effect is intolerable for veryBligsystems. In
order to take the advantage of lowest attenuation at this wavelength window, it was
realized that the optical fibers need to be modified to have low dispersion in this window,
and narrow-linewidth lasers were needed. This obstacle was overcome by the
development of dispersion-shifted fibers and single longitudinal mode lasers. Dispersion-
shifted fibers are fibers that are tailored to provide minimum dispersion negir;55
thus, allowing the use of conventional lasers exhibiting relatively large spectral width
(several nm). On the other hand, the narrow-linewidth lasers have to be employed in the
systems that use conventional optical fibers in order to take advantage of lowest
attenuation. With both approaches, the bit rate-distance pré&duof 500 Gbps-km was

achievable.

1.1.4. Fourth Generation

It is clearly seen that the increase in Bie product for single channel seemed to
reach its saturation point. The systems were designed to operate at lowest attenuation
region to overcome the attenuation problem and the narrow-linewidth lasers were utilized
to minimize the dispersion effect. However, the modulation technique was still primitive
-- intensity modulated/direct detection (IM/DD) which offers simple system
configuration. Since the narrow-linewidth lasers were available, it is possible to employ
other techniques that provide lower (better) receiver sensitivity, which would result in
larger repeater spacing. Such systems are referred to as coherent optical communication
systems. Nevertheless, the system configurations were too complex to implement in
practice. Consequently, the coherent systems are not commercially attractive.

1.1.5. Fifth Generation
With the development of optical amplifietbe extreme improvement in thgl
product became practically possible. The huge amount of bandwidth offered by the
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optical fiber could be utilized by using the wavelength division multiplexing (WDM)
technique. In addition, with the help of optical amplifiers all channels could be
simultaneously amplified without optical-electrical-optical conversion; thus, the spacing
between regenerative repeaters could be extended considerably. As a result, the bit rate-
distance producBL was increased and can be larger than 100,000 Gbps-km. Because
the WDM systems with optical amplifiers are our interest, the next section is dedicated to
this topic.

There is another approach that can combat the dispersion effect; hence, increasing
the repeater spacing. Such approach is to make use of fiber nonlinearity, which results in
the shape of the optical pulses being preserved while traveling in the fiber. The systems
that utilize this technique are called soliton-based systems. However, this technique is
still in the experimental stage.

1.2 IN-LINE ERBIUM-DOPED FIBER AMPLIFIERS (EDFAS)

The general rule in system implementation and design is that the systems can be
upgraded to support future demands. There are several factors that have to be considered.
The initial costs have to be kept at a minimum, and the initial systems should be flexible
enough to be expanded in the future. Therefore, the fiber optic systems are usually
implemented with a limited number of fibers in order to reduce the initial costs. However,
the number of installed fibers has to be sufficient in order to support the future demands.
The number of installed fibers is commonly referred to as fiber count, which can be as
low as four and generally is less than thirty-two [5]. Moreover, it is uncommon to install
additional fibers to increase the system capacity at a later time due to technical
difficulties in installation. Consequently, the system upgrade has to be accomplished with
the initially-installed fibers. However, it should be noted that in almost all systems, not
all of the installed fibers are utilized at the initial operation -- some are reserved for future
use.

Before the 1990s, the technology in fiber optic communication generally
permitted only the use of a single wavelength in an optical fiber. The block diagram of
such a system is shown in Fig. 1.5 (a). There are two ways of expanding capacity in this
system. The first is to utilize the reserved fibers, and the second is to increase the bit rate
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transmitted in each fiber, which is commonly referred to as time division multiplexing
(TDM) upgrade. The first option does not create any difficulties as long as there are
reserved fibers left. However, there are several factors that complicate the TDM upgrade.
The increase in bit rate results in higher required power at the receiver and larger
chromatic dispersion. Therefore, there are limitations in the extent to which the bit rate
can be increased. In addition, for each TDM upgrade all in-line repeaters have to be
modified to support the new bit rate, which may not be cost-effective. Although the
systems installed before the 1990s were not flexible due to technologies and knowledge
at that time, their high capacities compared to other media still made them economically
attractive for high capacity applications.

The effect of severe dispersion around the ufB5wvindow in standard single-
mode fiber can be reduced by employing distributed-feedback (DFB) lasers that provide
narrow spectral linewidth. Consequently, the distance between the transmitter and the
receiver could be enhanced as long as the total dispersion is tolerable. In addition, the
dispersion can also be made negligible, if the systems employ dispersion-shifted fibers as
the transmission media. This implies that the limitation would be reduced to only the
unavoidable attenuation. Since the dispersion, which distorts the shape of the optical
pulse, is no longer the critical factor compared to the attenuation, the optical pulse
shaping performed by the regenerative repeaters placed along the fiber links are
dispensable. That is, electronic regenerative repeaters are not necessary as long as the
pulse distortion due to dispersion is tolerable. Thus, the remaining and necessary function
of these repeaters is to boost the signal power, which can be accomplished optically. Two
apparent advantages in optically boosting the signal are that the intermediate equipment
between the transmitter and the receiver is bit-rate transparent (changes in bit rate do not
require any change in the intermediate equipment), and that optical amplification of
signals is independent of the signal format. In addition, with such intermediate
equipment, it is unnecessary to install the new in-line equipment to support the new bit
rate for TDM upgrade. The system configuration of fiber optic systems employing in-line
optical amplifiers is shown in Fig. 1.5 (b).

Systems without intermediate electrical repeaters were realized when the optical
amplifier technology, especially erbium-doped fiber amplifiers (EDFAS), was developed
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in the early 1990s. Details of the amplification mechanism of the EDFAs are provided in
the next chapter. With EDFAS, the bit rate-distance pro8uctan be improved
dramatically. Additionally, deployment of EDFAs also provides higher reliability than
the electronic repeaters since the optical amplifiers require fewer active components.

In the systems installed before the 1990s, the single-mode fibers were usually
deployed. At the time of installation, the optical amplifiers were not available; therefore,
the deployment of EDFAs were the replacement of electronic repeaters in order to
provide TDM upgrade flexibility. In the case of systems with single-mode fibers and
EDFAs, the chromatic dispersion is the dominant limitation in the long-haul systems.
Therefore, at some distance, the electronic repeaters are periodically required to shape the
signal pulses. Replacement of installed single-mode fibers with dispersion-shifted fibers
seems to be the solution to overcome the dispersion but two problems have to be
considered in doing so. Firstly, replacement of installed fibers is not economically cost-
effective. In addition, nonlinear effects are more likely to occur in the dispersion-shifted
fibers than in the single-mode fibers.

As the pulses travel along the fiber, they are distorted by chromatic dispersion. If
the pulses traveling in the second half of the transmission link are the complex conjugate
of the distorted pulses propagating in the first half of the link, then the pulses exiting the
fibers are undistorted, which can be explained graphically as shown in Fig. 1.6. This
technique is called phase-conjugation technique [6]-[8]. The equipment placed at the
midway point is called the phase conjugator, which can be realized by using the four-
wave mixing process in a nonlinear medium, such as a dispersion-shifted fiber or a
semiconductor optical amplifier. The interaction between the input signal and the pump
signal within the nonlinear medium results in the newly-generated signal that is the
complex conjugate of the input signal. Simulation of this technique has shown that the bit
rate-distance produdsL could be as large as 180,000 Gbps-km [6]. Unfortunately, this
technique is currently in the experimental stage and there are several limiting factors that
cause imperfect compensation. They are variation in dispersion property along the
transmission link, and the in-line amplifiers that causes periodic power fluctuation [7].
The former is usually unavoidable in practice and the latter produces a nonlinear phase

shift that disturbs the compensation.
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In the case of the systems employing dispersion-shifted fibers, the bit rate-
distance producBL is increased dramatically with the deployment of EDFAs. Although
the loss limitation is overcome by EDFAs and the dispersion is negligible, the nonlinear
effect becomes the major limitation. For the nonlinear effect to be strong the phase-
matching condition must be satisfied, and that is easily obtained in the absence of
dispersion. This nonlinear process results in four-wave mixing of the ASE noise, which
increases nonlinearly with the distance. Despite this nonlinear effect, the bit rate distance
productBL is enhanced considerably compared to that of systems without EDFAs.

Therefore, it is desirable that the transmission link exhibits non-zero dispersion
along the link to minimize the effect of nonlinearity while having zero dispersion from
end to end. One ingenious solution, known as dispersion management scheme or
dispersion map [9], is to deploy different types of optical fibers that have opposing
chromatic dispersion. At any point in the link, the chromatic dispersion is nonzero;
therefore, the nonlinear effect is avoided. However, the end-to-end chromatic dispersion
can be managed to zero, which results in no pulse spreading due to chromatic dispersion.
It is clearly seen that this system configuration is extremely beneficial; both chromatic
dispersion and nonlinear phenomenon are avoided. When it is combined with the EDFAs,
the bit rate-distance produBL can exceed 40,000 Gbps-km. This type of system is
widely deployed in long-haul fiber optic systems, such as, TAT (Transatlantic
Telephone)-12/13 [10], TPC (Transpacific Crossings)-5 [11], FLAG (Fiberoptic Around
the Globe) [12] linking TAT-12/13 and TPC-5, and APCN (Asia Pacific Cable Network)
[13] which services Asia-Pacific countries. In all of these systems, there are no electronic
repeaters installed, and the distance between end terminals can be of the order of 8,000
km with the bit rate of 5 Gbps.

1.3 WAVELENGTH DIVISION MULTIPLEXING (WDM)

Although the bit rate provided by single-channel fiber optic systems is extremely
high compared to the systems using other media, the traffic demand is also large and
increasing more rapidly than previously predicted during the past few years. Such
unexpectedly increasing demand has been driven by many factors, such as globalization

in business, liberalization in worldwide telecommunication markets, and Internet and
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broadband access. Therefore, there is continuing need for increasing system capacity.
Increasing the operating bit rate is one solution to this problem. However, the maximum
bit rate that can be practically achieved is often under 10 Gbps due to speed limitations of
electronic devices, chromatic dispersion, and polarization mode dispersion. The
polarization mode dispersion is caused by deviation in the fiber core from perfect
circularity, which leads to different indices of refraction for two orthogonal waves. This
effect is difficult to control because of its dependence on wavelength and ambient
temperature [14], [15].

It is also apparent in the previous section that the vast bandwidth provided by the
optical fibers is ineffectively utilized in single-channel systems. Thus, the unused part of
the bandwidth can be used to expand the system capacity. This method is called
wavelength division multiplexing (WDM), which utilizes a multichannel scheme to
increase the system capacity. Multiple channels located at different wavelengths are
transmitted over the same fiber simultaneously; thus, the bandwidth efficiency and the
aggregated bit rate in the single fiber are increased dramatically. In addition, the WDM
technique can be employed not only in new systems but also in the currently-operating
systems to expand their capacity. A schematic diagram of a WDM system is shown in
Fig. 1.5 (c). All signals at different wavelengths are multiplexed together into the same
fiber by the WDM multiplexer, and are periodically amplified by the EDFAs to
compensate for the loss in the fiber. At the receiver, all channels are demultiplexed and
are passed to corresponding receivers to convert them back to electrical signals. With the
use of WDM, larger than 200,000 Gbps-km bit rate-distance prdglustias recently
reported [16]. In that experiment, 32 channels, each at 10 Gbps, were transmitted over
640 km with less than 3-dB difference in receiver sensitivity.

The WDM technique provides not only the enhancement in system capacity but
also the flexibility in network management — the group of distinct wavelengths acts as an
additional dimension of the system. For example, any wavelength can be added or
dropped at an intermediate node between the transmitter and the receiver without
affecting the other wavelengths when an add-drop multiplexer is employed. Additionally,
the intermediate node can route any wavelength to the specified destination with the help

of an optical router. Most importantly, such add-drop multiplexer and router can be

Chapterl: Introduction 9



realized from the WDM (de)multiplexer. The first actual system that implements such
flexibility is Africa ONE (Africa Optical Network) [17]. It will encompass the Africa
continent with a single optical ring network, which will link all countries on the
continent. It is expected to be ready for service around 1999.

Details of the equipment needed to achieve such flexibility are presented in
Chapter 2. However, it should be noted at this point that the characteristic of the WDM
(de)multiplexer evidently differs from that of the conventional power splitter Lix &
coupler. The WDM (de)multiplexer is wavelength selective whereas the power splitter is
not. That is, only the corresponding wavelength would appear at each output port of the
1xN WDM demultiplexer for any given input port. Consequently, it is not necessary to
place the optical filters at the transmitter, and the receiver as shown in Fig. 1.5(c) since
the multiplexer and the demultiplexer already act as the filters.

1.4 SPECTRUM-SLICED WDM SYSTEMS

It is clearly seen from the previous section that the conventional WDM systems
require multiple laser diodes, tuned to operate at different wavelengths that match the
corresponding ports of the (de)multiplexers. Therefore, the WDM systems are not cost-
effective in terms of the number of lasers used, and need some mechanism to precisely
control the operating wavelengths of the laser diodes. This implies that the WDM
technique is justified to implement in long-haul communication systems where the
benefits from the WDM technique overcome its cost and complexity.

However, the benefits mentioned in the previous section may also apply for
passive optical networks (PONs). The PON is the network that connects the central
offices (CO) and the optical network units (ONUS) located at or near subscriber premises
depending on the network purpose. The PONs are the necessary foundation for fiber-to-
the-home (FTTH) and fiber-to-the-curb (FTTC) applications. The main purpose of the
PONSs is to deliver broadband access to the subscribers, such as, video on demand
(VOD), and high-speed data [18]. As its name implies, the components employed in such
a network all are passive in order to reduce the maintenance cost and complexity. All
active components are, thus, located at both ends, i. e., at the CO and at the ONUs. The

conventional PON utilizes the TDM or subcarrier multiplexing (SCM) format in
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conjunction with a passive coupler at the remote node (RN) to simplify the network
configuration and devices [19]. The single-wavelength downstream signal from the CO is
power-split at the RN to divide the signal to all ONUs. This configuration provides
sharing the single optical fiber among the ONUSs in order to minimize the amount of
equipment, and thus, cost of the network. However, the simplicity of the network
configuration has to be traded for difficulty in TDM upgrade, and inefficient usage of

signal power because of single-carrier sharing among ONUSs. If the number of ONUs

sharing the same optical fiber i¢, then the signal power would suffél® power

penalty compared to a point-to-point link [19]. This power penalty results fromihe 1/
power splitting at the remote node and thg tirthe sharing in the TDM signal format. In
addition, the processing capability at each receiver is wastefully utilized, since each
receiver has to operate at the aggregate bit feigdividual bit rate).

While the WDM technique can solve these limitations and even enhance the
network performance, its cost and complexity are still the major obstacle. With WDM, a
distinct wavelength is assigned to each ONU; hence, power splitting can be avoided.
Each ONU also operates at its own bit rate, not the aggregate bit rate; thus, the required
processing power at the ONU is reduced. Moreover, the security and privacy are
strengthened due to the wavelength-selective property of the WDM (de)multiplexer [20].
The signal leakage into neighboring channels is exclusively attributed to the crosstalk
characteristic of the WDM (de)multiplexer. Therefore, the leakage signal in the
neighboring channels is hard to detect by neighboring ONUSs.

1.4.1 Broadband Light Emitting Diodes as Light Sources in SS-WDM Systems

One apparent contribution to the cost and complexity of the WDM PON is the
number of lasers required. Moreover, such lasers have to be tunable to the specific
wavelengths. If these constraints are eliminated, the cost and complexity of the WDM
PON should be reduced dramatically which would facilitate its deployment. This leads to
the introduction of spectrum-sliced WDM (SS-WDM) technique in the PON in the late
1980s [21]. At that time, the SS-WDM avoided the using of expensive tunable lasers by
utilizing broadband light emitting diodes (LEDs), which were less expensive and more
reliable than lasers. The schematic diagram of SS-WDM systems is the same as that of
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conventional WDM systems shown in Fig. 1.5 (c). However, the only difference between
them is that each transmitter contains the broadband LED instead of the tunable laser.
One additional benefit from utilizing the LEDs is that all sources are identical; hence,
maintenance is easier.

The WDM multiplexer acts as a wavelength-selective component by providing
each ONU a distinct wavelength channel, sliced from the identical LEDs. That is, the
output port of the WDM multiplexer contains a number of slices at different wavelengths;
each slice is taken from the LED assigned to the individual ONU. Since only a fraction of
the LED power spectrum is used, the signals experience an additional power penalty
accounted for the slicing operation. This power penalty is usually termed as “slicing
loss.” Consequently, the SS-WDM systems are limited to small bit rate-distance product
BL due to their stringent power budget which is traded for cost reduction and system
simplicity. Therefore, the first generation of SS-WDM systems is suitable for PONs.

1.4.2 Broadband ASE Noise from EDFA as Light Sources in SS-WDM Systems

It is clearly seen that there areLEDs required for the SS-WDM configuration
as shown in Fig. 1.5 (c). The number of light sources could also be reduced to only one
by using the configuration as shown in Fig. 1.7. However, the light source used in this
configuration should have high output power and be broadband since there are additional
insertion losses from the demultiplexer and external modulators. Although the LED has a
broad power spectrum, typically of the order of 50nm to 100 nm [22], its output power is
not sufficient to take the advantage of such configuration.

Fortunately, the ASE noise at the output from an EDFA exhibits broad power
spectrum with high output power. Therefore, it is suitable for such a configuration.
However, there is an additional power penalty accounted for signal fluctuation since the
signal is stochastic in nature, i. e., the signal is noise-like. Moreover, SS-WDM could also
be potentially applied to long-haul lightwave systems due to the high power of the output
ASE noise obtained from the EDFA. Researchers around the world have been intensively
investigating the potential applications of the SS-WDM and its limitations. Since the
source is noise-like, some assumptions and formulations used in conventional laser-based

systems may not be applicable to SS-WDM systems. Numerous papers and articles
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concerning this kind of system have been published and proposed. These are discussed in
Chapter 3. However, many interesting subjects relating to SS-WDM are still waiting to

be researched.

1.5 MOTIVATION FOR THIS THESIS

This thesis is mainly concerned with the theoretical analysis of SS-WDM
employing the EDFA as the broadband noisy source for transmission over conventional
single-mode fiber. Arya and Jacobs [23] have analyzed the performance of SS-WDM
under the condition that the dispersion caused by the optical fiber is negligible. This
condition is satisfied in many applications, such as systems with dispersion-shifted fibers.
It is shown in their analysis that the receiver sensitivity, in term of the number of photons
per bit for a given probability of bit error, strongly depends on the bandwidth of the
source. The narrower the source, the poorer (higher) the receiver sensitivity required for a
given probability of bit error. Therefore, in order to reduce power penalty, the channel
bandwidth should be large, compared to the operating bit rate. However, the number of
channels is reduced when the bandwidth per channel is increased. Moreover, in the
systems employing conventional single-mode fibers, the noise-like signal would suffer
severe dispersion due to its large bandwidth. Hence, there should be an optimum source
bandwidth due to the competing effects of dispersion and inherent signal fluctuation, both
of which strongly depend on the channel bandwidth. Pendock and Sampson [24] have
observed such optimum bandwidth in their simulation. However, their results are
confined to a limited range of parameters.

The ultimate objective of this thesis is to analyze SS-WDM systems employing
single-mode fibers. To facilitate application over a broad range of conditions, the
analytical results are expressed in term of normalized parameters. The receiver sensitivity
is expressed as functions of the channel bandwidth and the normalized distance. The
former represents the effect of inherent signal fluctuation. The latter accounts for the
effect of chromatic dispersion in the single-mode fiber. The fiber dispersion causes the
signal to spread in time; hence, this phenomenon can be modeled as a multipath effect
where distinct frequency components of the signal arrive at different time delays. There
are two approaches that can be used to find the receiver sensitivity. The first approach is
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to assume that the decision statistics for bit ‘1" and bit ‘0’ are Gaussian. This approach is
simple to analyze. However, it is not accurate since the actual distributions for both bit
‘1’ and bit ‘0’ are not Gaussian. The second approach, which is much more difficult than
the first one, is the modification of the Gaussian approach. The decision statistic for bit
‘0’ is assumed to be Gaussian due to thermal noise being dominant. On the other hand,
the decision statistic for bit ‘1’ is approximated to be chi-square because the signal
fluctuation dominates.

The results show that there exists an optimum source bandwidth that minimizes
the receiver sensitivity. In addition, our results, when compared with [24], suggest that
the source used in SS-WDM systems should be unpolarized. The unpolarized source
results in a narrower required channel bandwidth and better receiver sensitivity. This
results in a larger number of channels for a given usable bandwidth provided by the
sources and a longer transmission distance. As SS-WDM systems are still in their
infancy, we hope that our work will be helpful in understanding the nature of these

systems, and useful in their practical design and implementation.

1.6 OUTLINE OF THIS WORK

This thesis is divided into five chapters. The second chapter relates to the
important equipment employed in the WDM systems. More specifically, they are EDFAs
and WDM (de)multiplexers. The fundamental concepts and their applications are
discussed. Moreover, the methods of making them practically suitable for actual
deployment are explained. Chapter 3 is dedicated to the SS-WDM systems. Their
development and progress are discussed in this chapter. Included in this chapter are the
details in some prior publications, which are significant to the problem we consider.
Chapter 3 helps understanding the fundamental characteristic and concepts of SS-WDM
systems, in which the signal is sliced from a broadband noise source.

Chapter 4 is the main part of this thesis. The approach that is used to simplify
dispersion to a multipath effect is described in this chapter. The mathematical model and
simplification developed to find the receiver sensitivity are also presented. The resultant
mathematical formulations are analytically solved by using both a Gaussian assumption
and a modification of this assumption. The latter is more accurate than the primitive
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Gaussian approach; however, the more accurate approximation poses some difficulties in
evaluating the results. When the results from both approaches are compared, it is
apparent that the Gaussian approach is inadequate to characterize the SS-WDM systems;
it is overly conservative. The Gaussian approach underestimates the performance of SS-
WDM systems. Nevertheless, both the Gaussian approach and its modification show an
optimum channel bandwidth resulting from the two competing effects: signal fluctuation

and chromatic dispersion. The final chapter, Chapter 5, is the conclusion of this thesis.
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Chapter 2

OPTIMIZATION TECHNIQUES IN WDM SYSTEMS

This chapter is devoted to discussing the breakthroughs in lightwave technology
that have resulted in the realization of wavelength division multiplexing (WDM) systems.
One attractive aspect of the optical fibers is their enormous bandwidth compared to other
media, such as radio waves and twisted-pair wires. The full bandwidth capability of
fibers cannot be realized by time division multiplexing (TDM) techniques alone, and
some channelization of the spectral band is required. However, there were technological
obstacles to the implementation of WDM systems. In order to effectively implement
WDM systems, broad-bandwidth optical amplifiers and WDM (de)multiplexers are
required. The former is necessary to amplify all signals at different wavelengths
simultaneously to compensate for unavoidable loss in all channels. The latter is used to
combine or separate the signals at different frequencies to their corresponding
destinations.

All limiting factors in single-channel systems, such as chromatic dispersion and
fiber nonlinearity, still exist in the WDM systems Moreover, some factors exhibit more
deleterious effects in the WDM systems. Hence, it is worth discussing the fundamental
concepts and technologies of the WDM components and the techniques employed in
practical systems to overcome the limiting factors. This chapter is organized as follows.
Details of erbium-doped fiber amplifiers (EDFAS) are discussed and explained in Section
2.1, and the techniques to optimize and to enhance the EDFA capability and performance
are discussed in Section 2.2. WDM (de)multiplexers, especially arrayed waveguide
grating (de) multiplexers, are discussed in Section 2.3. In Section 2.4, the effect of fiber
nonlinearity, and methods to minimize their impacts are explained. The last section,
Section 2.5, is a summary of this chapter.
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2.1 ERBIUM-DOPED FIBER AMPLIFIER

In the past, electronic regenerators were employed to periodically compensate for
the loss in the optical fibers. This posed some limitations in system flexibility and
capability. To increase the operating bit rate, the electronic equipment in the regenerator
had to be modified to support the new bit rate. The basic function of electronic
regenerators is to convert the optical signal to an electrical signal for signal processing,
and then convert back to an optical signal. Therefore, electronic regenerators are not
appropriate to be employed in WDM systems because each channel requires its own
regenerator.

In order to compensate for the attenuation in all channels simultaneously and
efficiently, it is essential that all channels are amplified optically. This is the main task of
the optical amplifier. One additional benefit from optical amplification is that the process
of amplification is independent of signal format. Thus, the amplifiers can operate at any
bit rate, which results in ease of TDM upgrade. Most current optical communication
systems operate in the 1.aB window which provide lowest attenuation. In this region,
the most useful optical amplifiers are the EDFAs. Consequently, this section describes
the fundamental concept of light amplification in the EDFAs [25], [26]. Their

applications are discussed in the next section.

2.1.1 Principle of Operation

When an electromagnetic field is incident on an atom the electrons in the ground
states may be excited to higher states. Since higher states are not stable, the excited
electrons tend to fall down to the ground state again. This may result in the emission of
electromagnetic radiation (non-radiative transitions are also possible). There are two
distinct emission processes: stimulated emission and spontaneous emission. Stimulated
emission is the physical mechanism of optical amplification whereas the other is the
origin of undesirable noise, called amplified spontaneous emission (ASE) noise.
Amplification occurs when the amount of stimulated emission is larger than the amount
of absorption. That is, the amplification requires that the number of excited electrons

needs to be larger than that in the ground state. This condition is called population
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inversion. When this condition is satisfied, the optical signal, having the same
wavelength as the energy gap between two states, will be amplified via stimulated
emission. The population inversion can be achieved by injection of some energy into the
medium, and the amount of injected energy must be sufficient to produce population
inversion.

Not all of the excited electrons amplify the desired signal. Some may decay
without interaction with the amplified signal. The electromagnetic field radiated from
such emission would have random phase, polarization, and direction. It is referred to as
spontaneous emission noise, which may then be amplified by stimulated emission.
Therefore, the output noise is called amplified spontaneous emission (ASE) noise. The

ASE noise is undesirable, but can be kept low by proper design of the amplifier.

2.1.2 Amplification Mechanism in Erbium-Doped Fiber

In the case of an EDFA, the medium of amplification, the so-called gain medium,
is a silica-based optical fiber doped with erbium ior&.Bthe energy-level diagram of
the erbium ions in the silica fiber is shown in Fig. 2.1. Generally, the energy levels of an

erbium ion are discrete and denotedlyy E,, and E,. However, each energy level is

split into multiple sublevels when the erbium ion is surrounded by the silica glass. The
interaction between individual erbium ions and the surrounding silica glass is different.
Consequently, each energy level is spread into a continuous energy band when all of the
interactions are considered. The optical signal, whose wavelength coincides with the

energy difference between tlig band andg, band, would be amplified by stimulated

emission. This suggests that the amplification occurs in a wavelength band rather than at
a discrete wavelength. This characteristic of the EDFA makes it extremely attractive
since multiple signals having distinct wavelengths could be amplified at once. In

addition, the energy difference covers the wavelength range from 1525 nm to 1570 nm,
which fortunately is the same as the low loss 1550 nm window in fibers.

As previously explained, the amplification process occurs when the population
inversion is achieved. Therefore, there should be some scheme to inject the energy into
the doped fiber to generate population inversion. Such energy injection is known as
pumping, which can be performed by using a high-power laser whose operating
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wavelength corresponds to an appropriate energy-level difference in the doped fiber.
When an optical signal at the wavelength of 980 nm is injected into the doped fiber the

electrons in the ground lev#, are excited to th&, band, and then fall down to the,

band due to spontaneous emission with a lifetimejf. IThe excited electrons in tig,

band will then fall down to the ground level, however, with the spontaneous-emission
lifetime as large as 10 ms. Therefore, if the pump power is sufficiently high, the electrons

in the ground state will be excited rapidly to tBg band. Shortly, they will drop down to
the E, band. Since the lifetime between thg and E, bands is considerably shorter

than that betweek, and E, bands, the excited electrons accumulate inBhdand.

Thus, the population inversion is created, and the signals whose wavelengths correspond

to the energy difference betweé&n and E, bands will be amplified.

Despite high population inversion when the EDFA is pumped at 980 nm, it is
inefficient because the pump photon energy is so much larger than the signal photon
energy. Higher pump efficiency can be achieved by pumping at 1480 nm, which

corresponds to the energy difference between the t@&) dfand and the bottom d,

band. However, the amount of population inversion is less in this case; therefore, the
ASE noise is higher for 1480-nm pumping. Both 980-nm and 1480-nm pumping schemes
have their own advantage; thus, which pumping scheme should be employed depends on
the specific application.

Although the combination of discrete energy sublevels of all erbium ions is
continuous, the population of the sublevels is not uniform over the entire energy band.
Thus, the gain profile of the EDFA is not uniform over its usable bandwidth, but rather it
peaks around 1532 nm. The gain profile of the EDFA as a function of wavelength is
shown in Fig. 2.2. The non-uniform gain profile poses a problem in WDM systems
because the channels located at different wavelengths will experience different gains.
This results in different signal to noise ratio (SNR), and consequently different
performance of the individual wavelength channels. Consequently, gain equalization is
required to eliminate the wavelength-dependent gain profile of the EDFA.

2.1.3 EDFA Configurations
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The main components of an EDFA should at least consist of the erbium-doped
optical fiber, the pump laser, and the wavelength-selective coupler. The last is used to
couple the pump signal into the doped fiber. Additionally, an isolator is generally placed
at the output of an amplifier to prevent back reflection, which can degrade amplifier
performance or cripple the amplifier due to laser oscillation in the amplifier. Typically,
the EDFA configuration can be categorized by pumping schemes into three particular
arrangements, all of which have their own advantage. These schemes are forward-
pumped (co-pumped), backward-pumped (counter-pumped), and dual-pumped. These are
shown graphically in Fig. 2.3. The forward-pumped scheme as shown in Fig. 2.3 (a)
provides high gain, and low ASE noise. This is because high population inversion at the
input to the EDFA results in less spontaneous emission to be amplified in the doped-
fiber; thus, less ASE noise appears at the output. On the contrary, the backward-pumped
scheme will provide high output power with inferior noise figure. The dual-pumped or
two-stage scheme is the optimized version combining the two schemes. With proper
design, it can yield low noise and high output power. In practice, the dual-pumped
scheme is often deployed with additional optical components placed between the two
stages. Such optical components are designed to improve the performance of the EDFA.
An example is to flatten the EDFA gain profile.

In addition to the pumping scheme, the pump wavelength is the other factor that
affects the EDFA performance. Since the 980-nm pump wavelength provides high
population inversion, it will result in high gain and low noise. Therefore, pumping the
EDFA at 980 nm is suitable for realizing a low-noise amplifier, which can be employed
as a preamplifier at the receiver. On the contrary, higher-power pump lasers whose
wavelength is 1480 nm are commonly available. Therefore, an EDFA pumped at 1480
nm is desirable in applications that require high output power, such as a power amplifier
at the transmitter to boost the signal power.

2.2 SNR EQUALIZATION AND EDFA OPTIMIZATION

As seen from Fig. 2.2, the gain profile of an EDFA is wavelength dependent.
Although it is relatively flat, a cascade of EDFAs would result in increasing the non-
uniformity of the gain profile. Additionally, a chain of EDFAs causes reduction in the
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usable gain bandwidth due to self-filtering effect [27]. In multichannel systems, the
wavelength dependence of gain profile would lead to different SNR among channels.
Such SNR differential might results in unacceptable performance in some channels. The
narrow usable bandwidth means that fewer channels can be employed. Therefore,
uniform gain profile and wide usable bandwidth is preferable. Various techniques to
minimize the SNR differential and to enhance the gain bandwidth have been proposed.

Some of them are discussed in the following subsections.

2.2.1 Fluoride-Based Erbium-Doped Fiber Amplifiers [26], [28], [29]

The non-uniform gain profile of an EDFA is mainly due to interaction between
the erbium ions and the surrounding silica host. Therefore, one way to reduce the
wavelength dependence is to substitute the silica host with fluoride, which provides
flatter gain profile. This type of amplifier is known as erbium-doped fluoride fiber
amplifiers (EDFFAS) to distinguish it from erbium-doped silica fiber amplifiers
(EDSFASs). Gain flatness of 2 dB extended beyond 28 nm can be achieved with this type
of amplifier as shown in Fig. 2.4.

However, the major drawbacks of the EDFFAs are that they provide poorer noise
performance than the EDSFA, and that they must be pumped at 1480 nm due to excited
state absorption (ESA). As seen from fig. 2.1, the fluoride glass has addiEpreaergy

level above theE, level. The energy difference between these two levels unfortunately

corresponds to 980 nm. Therefore, some of 980-nm pump power will be absorbed and
thus does not contribute to any useful gain. Despite these limitations, the EDFFAs have
been successfully demonstrated in many experiments. One recent result showed that
seven in-line EDFFAs provided sufficient gain and usable bandwidth to transmit 16
channels occupying 24 nm with bit rate of 10 Gb/s in each channel over 531 km of

conventional fiber.

2.2.2 Pre-Emphasis Technique [27], [30], [31]

This techniqgue makes use of the fact that the SNR differential is due to channel-
power discrepancy at the receiver, which can be compensated by adjusting the
transmitted powers. A schematic explanation of the pre-emphasis is shown in Fig. 2.5.
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The algorithm is to increase the transmitted power of channels that suffer small gain, and
to reduce the transmitted power of channels that experience high gain. Equalization of the
powers or SNRs of all channels can be achieved; however, equalized SNRs is preferable
because the performance depends on the SNR. Fig. 2.6 shows the results in one
experiment. Eight channels, each at 1.7 Gbps, with 2-nm channel spacing are successfully
transmitted over 840 km of a conventional single-mode fiber. The SNR differential
among channels can be completely eliminated, which results in identical performance
among channels

The main advantage of the technique is that it requires no modification of in-line
EDFAs, and also does not depend on system parameters, such as, amplifier gain, and link
losses. It requires only the values of unequalized SNRs in all channels at the receiver to
compute the optimum transmitted power in each channel. That data can be sent back to
the transmitter end via telemetry. In addition, the adjustment can be made in real time.
However, the major drawback of this scheme is that the transmitted powers should be
sufficiently large in order to cover the entire range of the required powers calculated from
the algorithm.

2.2.3 EDFA Gain Profile Optimization by Passive Filters

This method is to place a passive filter in the middle of the EDFA [32]-[34], after
the EDFA [35], [36], or periodically after multiple EDFAs [37]. The filter is intended to
minimize the wavelength dependence of the gain profile, and maximize the usable gain
bandwidth. The transmission characteristic of the filter compensates for the wavelength
dependence of transmission characteristic of the EDFAs; hence, the overall transmission
characteristic is flatter and broader than that without the filter. Many types of filters have
been proposed in the literature; they are a Mach-Zehnder optical filter [35], Bragg-grating
filter [36], and long-period grating filter [33], [34], [37].

The benefit of employing passive optical filters is their reliabitifyassive
components are more reliable than active ones. However, they lack flexibility and ability
to dynamically track changes in gain profile. Among the various types of optical filters
the long period grating filters are most promising due to their ease of fabrication, low
cost, low back reflection, and low temperature sensitivity [34], [38]. In addition, the filter
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is all-fiber, which results in low insertion loss. The basic concept of the long-period
grating is to scatter the light at specific wavelengths to the lossy cladding of the optical
fiber. Such scattering can be accomplished by mean of periodic perturbation of the index
of refraction in the fiber core. Additionally, the transmission characteristic of the long-
period filter can be tailored by employing multiple gratings.

For example, the dual-pumped EDFA as shown in Fig. 2.7 (a) employs the long-
period grating filter [34]. The transmission characteristic of the grating filter is computed
by using measured parameters of the EDFA. The filter consists of three long-period
gratings. The combined transmission characteristics nearly follow the computed one as
shown in Fig. 2.7 (b). From Fig. 2.7 (c), it is clearly seen that the resultant gain spectrum
provides approximately 22 dB of gain over a 40-nm bandwidth. This extremely wide
bandwidth could considerably magnify the throughput of the system compared to that

employing EDFAs without gain equalization.

2.2.4 EDFA Gain Profile Optimization by Active Filters

It should be noted that the gain profile of each EDFA is different depending on
amplifier condition, such as pump condition. Moreover, the gain profile changes with
time due to aging, input signal power, etc. Therefore, it is desirable to dynamically flatten
the EDFA gain profile. The adaptive gain flattening could be achieved by making use of
an active filter whose transmission characteristic can be tailored to flatten the resultant
gain profile. The active filter could be a tunable Mach-Zehnder (M2) filter [39]-[41], or
an acousto-optic tunable filter (AOTF) [42], [43].

The configuration of the MZ filter is shown in Fig. 2.8. Two tunable symmetric
MZ interferometers are joined together by two waveguides having different lengths. The
tunable characteristic is obtained from three phase shifters made of chromium (Cr)
heaters to change the refractive index of the corresponding waveguides. The tunable MZ
filter has a sinusoidal transmission characteristic whose period is determined by the
length difference between the two main waveguide paths. Two tunable symmetric MZ
filters act as tunable couplers, which can be used to adjust the extinction ratio of the filter.
The phase shifter in the middle is used to adjust the center wavelength of the filter. As a

result, the wavelength dependence of the EDFA gain profile is compensated by the
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adjustable slope and center wavelength of the filter. The tunable MZ filter can be placed
after each EDFA or after several EDFAs; however, the latter is desired. With the MZ
filter placed at the middle of the link, transmission of 128 channels, each at 622 Mbps,
was demonstrated over 480 km of dispersion-shifted fibers with power penalty among
channels less than one dB [41].

Another type of active filter that can be employed to flatten the EDFA gain profile
is the AOTF. This device makes use of the interaction of a sound wave and a light wave.
The acoustic wave launched in the fiber causes periodic change in the density of the
medium. This periodic perturbation gives rise to acoustooptic mode conversion of the
optical wave from the fundamental mode to distinct cladding modes. The transmission
characteristic of the AOTF is determined by the frequency and amplitude of the launched
acoustic wave. The acoustic wave is generated by an acoustic transducer, which converts
the electrical signal to an acoustic signal; therefore, the device can be controlled
externally and electrically. Moreover, launching multiple acoustic signals having
different amplitudes and frequencies enables us to adjust the resultant spectral
characteristic of the filter to best fit to the EDFA gain profile. Since this device can be
made all-fiber, its insertion loss can be less than 0.9 dB. When it is employed as a mid-
stage device in the double-stage EDFA, a gain flatness of less than 0.7 dB over the usable
bandwidth of 35 nm was achieved [43]. The AOTF can also be placed after several
EDFAs to equalize the SNR among channels. Simulation in [42] showed that the SNR
discrepancy among nine channels reduced from 18.2 dB to 2.4 dB by placing the AOTF
after every 10 EDFAs in a total transmission distance of 10,000 km.

2.3 WDM (DE)MULTIPLEXER

Prior to the development of WDM (de)multiplexers, the only (de)multiplexers
available were power splitters or combiners. These devices are not wavelength-selective;
therefore, the (de)multiplexing function is not power efficient. As the number of channels
increases, the splitting loss also increases. Therefore, it is desirable that a WDM
(de)multiplexer be wavelength-selective. The function of a WDM multiplexer is to
combine the signals at different wavelengths or frequencies. On the other hand, a WDM
demultiplexer separates the signals at different wavelengths to the corresponding output
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ports. These two functions are graphically displayed in Fig. 2.9 (a) and (b). As seen from
this figure, both functions have a reciprocal relationship with each other; therefore, they
are generally built from the same device. Among proposed multiplexers, arrayed
waveguide grating WDM multiplexers are most attractive due to their superior
performance, which will be discussed later in this section.

2.3.1 Arrayed Waveguide Grating (AWG) Multiplexer

The design concept of the WDM (de)multiplexer based on arrayed waveguide
grating (AWG) was firstly proposed by Dragone [44], [45]. It consists of MwoM slab
waveguides connected togetherMy arrayed waveguides having constantly increasing
length as shown in Fig 2.10 [46]. The slab waveguide at the input actd as/a
coupler — it combinedN input signals and evenly splits themb output. The input
signal from any of theN input waveguides is split indd parts, which are fed to the
corresponding arrayed waveguides. At the oulut N coupler, allM signals are
combined, and distributed among tNe output ports. The difference in distances that the
individual M signals propagate causes relative phase shifts between them. The waveplate
placed in the midway point of the arrayed waveguides as shown in Fig. 2.10 is used to
minimize polarization dependence of the device [46]. Since the relative phase shifts are a
function of the wavelength, the interference at the output slab waveguide results in
specific wavelengths emerging from the output ports for a given input port. That is, the
interference gives rise to input-output port mapping for a given wavelength.

Since the AWG multiplexer can be fabricated by using silica-based waveguide
technology, its size can be as small as 4ram [46], and it can be produced at low
cost [47]. Additionally, it exhibits low insertion loss due to its compatibility with a
single-mode fiber [47]. The insertion loss, including fiber-waveguide connection loss
waveguide propagation loss, and grating loss, of 3 dB has been reported [46]. With
proper design, the AWG multiplexer will also exhibit loss uniformity among different
wavelengths [48]. This results in the reduction of the SNR discrepancy among channels,
which is important in WDM systems.

One additional benefit of the AWG multiplexer is that it can be constructed to

exhibit negligible temperature dependence [49]. This is important in field application
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because equipment for temperature control is not necessary when the device is
temperature-insensitive. All of these benefits have made AWG multiplexers attractive in
many applications. In addition, an AWG multiplexer can be employed as an add-drop

multiplexer in an intermediate node.

2.3.2 Add- Drop Multiplexer [52]

The main function of an add-drop multiplexer is to add and drop any wavelength
channel at an intermediate node without affecting the other channels in a WDM system.
The add-drop functionality enhances network flexibility as well as capacity since the
dropped wavelength can be reusable. Several devices, such as Mach-Zehnder-based fiber
gratings [50], and Bragg gratings with circulators [51], can also perform the add-drop
function. However, they are not widely-used in practice; thus, only an add-drop
multiplexer using an AWG multiplexer is discussed here.

An AWG multiplexer can be employed as an add-drop multiplexer as shown in
Fig 2.11. AnN x N AWG multiplexer as shown in this figure is capable of performing
an add-drop function up ttl —1 channels. AlIN optical signals at different wavelengths
are fed to the common input port. Due to input-output mapping property of the AWG
multiplexer, each signal will appear at its corresponding output port. Thex -l
output signals are looped back to their corresponding ports as shown in Fig. 2.11. This
results in allN signals being multiplexed again, and the multiplexed signals will appear
at the common output port as shown in Fig. 2.11. By opening the loop-back path, the
corresponding signal can be dropped and added. The dropped signal will appear at the
output of the opened path while the signal having the same wavelength can be added at
the input port of the same opened path.

As in the case of a normal WDM multiplexer, &ll signals fed to an add-drop
multiplexer will experience loss imbalance due to bhesignals having different paths.

The further away the signal is from the center wavelength of the multiplexer, the higher
loss it experiences. Fortunately, the loss imbalance can be minimized by properly
selecting the common input port, the common output port, and the loop back connections
[53]. Moreover, by employing twd x N AWG multiplexers in conjunction witiN

crossbar switches, a reconfigurable add-drop multiplexer can be created [54]. It is capable
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of arbitrarily adding and dropping multiple channels upNte 1 channels. This
capability provides unprecedented flexibility in network management. The number of
added/dropped channels can be configured based on the traffic that varies with time; thus,

systems are utilized efficiently.

2.4 Fiber-Nonlinearity Alleviation

One factor that degrades the system performance is the optical fiber nonlinearity,
which depends on the amount of total signal power injected into the optical fiber. The
nonlinear effects give rise to signal distortion, interference, and SNR degradation. In
general, high injected power is desired in order to enhance the system throughput, such
as, transmission distance, operating bit rate, and system performance. However, the
detrimental nonlinear effects will be manifolded when the injected power is increased. In
WDM system, these nonlinear effects will be enhanced since the total optical power
injected into the fiber is the sum of individual channel powers. The major nonlinear
effects causing degradation in WDM lightwave systems are [55]:

Stimulated Raman Scattering (SR8js the result of interaction between
the incident light and molecular vibrations. When two optical waves having
different wavelengths travel along the fiber, the longer-wavelength will be
amplified via the energy transfer from the shorter-wavelength wave. This
nonlinear effect will cause excess signal loss in the shorter wavelength channel.

Cross Phase Modulation (XPMRefractive index is power dependent. A
certain channel can cause nonlinear phase shift in the other channels since index
of refraction depends on the total optical power of all channels. This leads to
interchannel interference called crosstalk.

Stimulated Brillouin Scattering (SBS)his nonlinear effect is due to the
interaction between the optical signal and acoustic vibration in the fiber. Its
resultant effect will exhaust energy of the incident optical signal and generate
another counter-propagating signal scattered back to the transmitter.

Four-Wave Mixing (FWM)Power dependence of refractive index also
causes intermodulation products among optical signals traveling along the fiber. If

there are three optical waves propagating along the fiber with frequencies denoted
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by f,, f,, and f;, the FWM process will generate an additional nine optical
signals at frequencie$, = f, + f; — f, wherei, j, andk canbe 1, 2, or 3 as

seen in Fig. 2.12. These new generated signals can interfere with the desire

signals.

Among all of these nonlinearities, the FWM is the most deleterious effect [27]. In WDM
systems, if all channels are equally spaced, the new generated signals will coincide with
the intended signals. This results in crosstalk and depletion of intended signals.

The FWM efficiency depends on several factors [56]. One factor is that the FWM
process requires phase matching among channels, which can be readily obtained when all
signals are located near the zero-dispersion wavelength. However, FWM efficiency is
reduced if there is dispersion fluctuation along the fiber, which is common in practice.
The other factor is channel spacing. The larger the channel spacing, the poorer the FWM
efficiency. This is because larger channel spacing leads to higher dispersion discrepancy,
which reduces the possibility of phase matching.

Unequally spaced channel allocation (USCA), and dispersion mapping are the
techniques that can be employed to combat the FWM effect. Both techniques apply
different approaches to minimize the FWM effect, and can be employed together to
effectively decrease the deleterious effect of the FWM process. They are discussed in

following subsections.

2.4.1 Unequally Spaced Channel Allocation (USCA) [27]

The new generated signals resulting from the FWM process will be located at the
same frequencies as the intended signals if the signals are equally spaced. The simplest
way to avoid such collocation is to assign unequal frequency spacing among channels as
shown in Fig. 2.12. In this method, the FWM efficiency is not completely eliminated;
however, its effect, which can cause crosstalk, is avoided. As a result, the FWM process
only leads to loss of signal power when the USCA is employed.

The advantage of USCA is that it requires no modification of the transmission
media — only the frequency selective components along the transmission link need to be
matched with the channel allocation. In order to take advantage of this technique in

WDM systems, AWG multiplexers need to have unequal channel spacing. Fortunately,
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unequal channel spacing AWG multiplexers with low insertion loss are available [57].
Those AWG multiplexers can also be modified to serve as add-drop multiplexers [58].
One experiment has confirmed the possibility of employing unequal channel spacing
AWG multiplexers. The transmission of 10 channel$0 Gb/s over 240 km of
dispersion-shifted fiber, including an add-drop multiplexer, has been successfully
demonstrated [58]. In that experiment, three channels were added and dropped at the

intermediate node with a power penalty of less than 2 dB.

2.4.2 Dispersion Mapping [9], [59], [60]

As stated earlier, the efficiency of the FWM process depends on channel spacing,
and phase matching among channels. This phase matching is easily met in systems
employing dispersion-shifted fibers when channels are located near the zero-dispersion
wavelength. Although locating all channels far apart from one another can reduce the
FWM efficiency, this results in fewer channels for a given usable bandwidth of a
transmission link. Moreover, the usable bandwidth of the transmission link employing
EDFAs is reduced as the transmission distance increases due to the self-filtering effect of
cascaded EDFAs [27]. Therefore, it is desirable that all channels be located as close as
possible while the total dispersion that channels experience should be kept at a minimum
to avoid intersymbol interference.

Since dispersion prevents phase matching among channels, at any point along the
transmission link, the local dispersion should be nonzero to minimize FWM effect. On
the other hand, the end-to-end dispersion should also be small to avoid pulse distortion.
These two requirements cannot be achieved simultaneously in conventional lightwave
systems. The answer to this problem, known as dispersion mapping, is to alternately
employ two types of optical fibers having opposite dispersion values, which is shown in
Fig. 2.13. In this example, negative dispersion fibers and conventional single-mode fibers
are employed along the transmission link carrying eight channels, each at 5 Gb/s. A
negative dispersion fiber of length 900 km is alternated with a conventional single-mode
fiber along the transmission link. These fibers provide nonzero dispersion along the
transmission link while their total dispersions are zero at the receiver end. It should be

noted that only one channel in a WDM system can be managed to achieve zero dispersion
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from end to end. Therefore, appropriate fibers are attached to the other channels at the
receiver to return the total dispersion to zero value. This technique is superior to the
USCA in the sense that the FWM process is suppressed. However, it cannot be deployed
in installed systems.

2.5 SUMMARY

In this chapter, two important devices in WDM systems were discussed. They are
the erbium-doped fiber amplifier (EDFA), and the arrayed waveguide grating (AWG)
multiplexer. Both enable the realization of high throughput WDM systems. Various
techniques employed to optimize and to maximize the system performance were also
discussed. The next chapter will deal with a specific type of WDM system known as
spectrum-sliced WDM (SS-WDM) systems. The sources used in these systems are noise-
like instead of deterministic, which make them substantially different from the laser-
based systems. However, these systems still utilize the amplifier and filter technology
discussed in this chapter.
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Fig. 2.1: Energy-level diagram of Erbium ions in silica-based fiber and fluoride-based
fiber. The wavelength in nm corresponds to the difference of photon energy between two

levels [26].
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Fig. 2.2: Gain profile of the typical EDFA as a function of wavelength [6].
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Chapter 3

SPECTRUM-SLICED WDM SYSTEMS

In this chapter the development and advances in spectrum-sliced WDM (SS-
WDM) systems are discussed. The sources employed in SS-WDM systems are
completely different from those used in conventional WDM systems. In SS-WDM
systems, the transmitters are broadband noise sources; therefore, design criteria and
strategy used in both types of systems are quite different. Thus, it is interesting to discuss
some aspects of SS-WDM systems in this chapter. Details of the discussion in this
chapter provides background knowledge, important in the next chapter, which contains
the primary results of our research.

3.1 SS-WDM EVOLUTION

Today's world is the world of broadband communications. In the past, high-speed
communications were restricted to the backbone telephone networks due to the cost of
the necessary equipment. It has been long realized that broadband access is also
beneficial to end-users. Many applications, such as video on demand and
teleconferencing, require high-speed connection to subscribers. However, cost and
complexity of systems have prevented installation of broadband systems dedicated for
those services. There are the attempts to utilize the existing cable-TV networks and local-
loop telephone networks to provide broadband access to customers. Since those networks
were not designed to provide broadband access, limitations and complexities are
unavoidable in providing broadband access in such networks.

The installation of fiber optic systems seems to be the primary solution to fulfill
demands for broadband access. The incomparably huge bandwidth provided by the
optical fibers is ideally suitable for broadband access. Although the technology in
conventional lightwave systems is capable of providing broadband access to customers,
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the cost of such systems is of great concern. The cost of fiber-based broadband systems is
often too high for them to be economically viable for such applications. A solution,

which will result in cost reduction, is to share components among as many users as
possible, and to avoid the deployment of expensive equipment. These two concepts led to
the development of passive optical networks (PONS).

3.1.1 WDM PON

Cost sharing in PONs is achieved by sharing a single fiber among customers. In
addition, all deployed components between the transmitter and receivers are passive in
order to reduce maintenance cost and network complexity. There are several transmission
schemes deployed in PONSs to increase the degree of cost sharing among users; they are
TDM, subcarrier multiplexing, and WDM. However, the WDM scheme is the most
technically beneficial since it provides point-to-point connections between the central
office (CO) and particular optical network units (ONUSs), and higher security and privacy
due to the wavelength-selective property of WDM (de)multiplexers [20]. In addition, the
active components are operated at individual channel bit rates, compared to the TDM
scheme which operates at an aggregate bit rate. Thus, the processing requirements in the
components are less.

However, a WDM PON requires transmitters that can be tuned to particular
wavelengths. These transmitters are usually tunable lasers. Therefore, they require
wavelength-stabilizing devices to control their wavelengths to match those of the
wavelength-selective components in the networks. These tunable lasers and their
necessary components have obstructed widespread installation of WDM PON due to their
high cost although the advantages provided by WDM PONSs are extremely attractive.

This led to the introduction of SS-WDM PONSs.

3.1.2 SS-WDM PON [61]

Instead of employing expensive tunable lasers, SS-WDM PONs are equipped
with less expensive LEDs. However, cost reduction is achieved with lower output power
and slower speed LEDs. The name “SS-WDM?” is gained from the fact that these systems

utilize LEDs whose output power spectra are considerably broader than conventional
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lasers, and the distinct operating wavelengths are obtained from wavelength-selective
characteristic of components in networks. The schematic explanation of SS-WDM
system is shown in Fig. 3.1. The output power spectra of all LEDs are sliced by the
WDM multiplexer located at the transmitter end. Since passbands of corresponding input
ports of a WDM multiplexer have different center wavelengths, a different slice is
assigned to each ONU.

SS-WDM systems offer several technical advantages over laser-based WDM
systems. ldentical LEDs are used in all transmitters; therefore, the systems are easy to
maintain. They are more reliable because LEDs have longer lifetime than lasers.
Additionally, components in the networks that have to be wavelength-controlled are only
WDM multiplexers and demultiplexers located at each end of the PONs. Since these
devices are usually AWG multiplexers, which can be fabricated to have temperature-
insensitive property [49], the wavelength-control function might not be necessary.

3.1.3 Limitations of SS-WDM PONs Employing LEDs

From an economical point of view, SS-WDM PONs employing LEDs are better
than those using lasers. However, LEDs are slower and produce less output power than
lasers. Furthermore, there is an additional loss inherent in SS-WDM systems, called
slicing loss. This loss results from the fact that only a portion of the output power
spectrum of each LED will pass the multiplexer at the transmitter end. This slicing loss
can be as large as 18-dB [62]. This loss poses stringent power budget limitations in SS-
WDM systems employing LEDs, compared to laser-based WDM systems. Therefore, the
first generation of SS-WDM systems is usually limited to local loop applications where
the bit rate and distance are not large.

Moreover, the output power spectrum of an LED is not flat over the operating-
wavelength range. When this is combined with loss imbalance among channels caused by
WDM (de)multiplexers in the system, the performance discrepancy among channels is
unavoidable [61]. This may result in some channels being inoperable for a given bit rate
and transmission distance. Thus, the number of channels that can be utilized is limited.

It is appropriate to briefly mention at this point that the output signal from an

LED is due to spontaneous emission. Its mechanism is similar to that of thermal noise in
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electronic devices; therefore, the output signal will fluctuate with time like well-known
thermal noise. Since the photodetector at a receiver obeys a square law, there is an
additional noise term due to beating among signal components located at different
frequencies. This was first pointed out by Liu [63]. This signal-signal beat noise, usually
called excess beat noise, will limit achievable SNR at a receiver. Therefore, the excess
beat noise can cause BER floor due to insufficient SNR when it is the dominant noise at a
receiver.

The excess beat noise is inversely proportional to the optical bandwidth per
channel, and increases with the electrical bandwidth of the lowpass filter at the receiver.
The explanation of this phenomenon is described in detail elsewhere in this chapter. The
bandwidth of the lowpass filter is usually determined by the operating bit rate. It is
generally kept sufficiently narrow to minimize the thermal noise generated from
electrical components in the receiver while it should be large enough to avoid
unacceptable signal distortion. Since the excess beat noise depends on optical bandwidth
per channel and bit rate, the performance of SS-WDM systems is usually expressed in

term of the normalized parameter= B,T where B, is the 3-dB optical bandwidth per

channel, and is the bit period. Finally, the strength of excess beat noise can be
expressed in term of this single parameaterand its strength increases monotonically as

m decreases.

3.1.4 Experimental Results and Demonstrations of LED-based SS-WDM

The SS-WDM in PONs employing 180 LEDs was first demonstrated by
Reeveet al.[21]. In their demonstration, four 2-Mb/s channels were successfully
transmitted over 2 km of standard single-mode fiber. Due to low output power from
LEDs, the achieved transmission distance, and the bit rate is quite small. In order to
increase the transmission distance and the bit rate, higher power LEDs are necessary.
With superluminescent diodes (SLDs) which provide higher output power, the
transmission of 50 Mb/s on each of 16 channels over 7 km of a standard single-mode
fiber was demonstrated [61]. The transmission can be further extended by employing an
EDFA as a power amplifier at the transmitter. When the EDFA power amplifier and
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SLDs were used, three 140 Mb/s WDM channels over 110 km of a single-mode fiber
were successfully demonstrated [62].

The optical bandwidths of signals in all of these experiments were of the order of
a few nm, corresponding to of the order of hundreds of GHz. Since the demonstrated bit

rates were well below 1 Gb/s, the corresponding valuesoB,T far exceeded

thousands. Hence, the excess beat noise was negligible compared to the thermal noise at
the receiver, and a BER floor due to the excess beat noise was not observed. However, it
should be noted that system capacity per channel could be increased by increasing the

operating bit rateR, =1/T . For a given usable bandwidth, the number of channels can
be increased by reducing the optical bandwiijh These will result in a reduction ofi.

Therefore, it is desirable to operate at a small valua a¥ith acceptable power penalty
caused from the excess beat noise. The power penalty caused by reductiovilidie

clearly seen in the following sections when the bit rate is high and the optical bandwidth
per channel is narrow in order to efficiently utilize the limited bandwidth provided by the

source.

3.2 BROADBAND SOURCE USING OUTPUT ASE FROM EDFA

As seen in the previous section, insufficient output power from LEDs and SLDs
allows SS-WDM systems to operate only at relatively low bit rate and short distance. In
order to achieve higher bit rate and longer distance, higher power sources is necessary.
With advanced technology in photonic devices, WDM multiplexers whose passbands are
fractions of a nm are available. Therefore, considerable increase in system capacity could
be achieved if such multiplexers are employed with a broadband high power source in
SS-WDM systems.

In 1993, Lee and his colleagues proposed an alternative source that can be
employed in SS-WDM systems [64]. Their proposed source is an EDFA configured to
produce high power ASE noise at the amplifier output. Their EDFA can produce 21 mW
of ASE noise over the bandwidth of 40 nm. The advantages of the proposed EDFA over
an LED are that the EDFA provides considerably higher output power than an LED, and

that it is easier and more efficient to connect the EDFA to other devices because it is
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made of a single-mode fiber. High ASE power from an EDFA implies that achievable bit
rate and transmission distance are larger than those obtained from LEDs. With this high
power source, SS-WDM systems are not restricted to only low capacity networks, as
PONSs are due to stringent power budget. Instead, the SS-WDM systems can potentially
be employed in larger-scale networks where the operating bit rate is high and the
transmission distance is large.

The schematic diagram of the proposed light source is shown in Fig. 3.2. The
EDFA is backward pumped at 1.4& to produce high ASE noise at the output. The
output ASE noise is fed to the WDM demultiplexer in order to share a single source
among channels located at different wavelengths. The transmitted data in each channel is
embedded into the noise-like signal by the corresponding modulator. All channels are
combined together by a WDM multiplexer. At the receiver, all channels are separated by
a WDM demultiplexer, and each channel is connected to its corresponding photodetector
to extract the embedded data.

In their experimental results, the performance degradation due to excess beat
noise was apparently observed. Their results are shown in Fig. 3.3. Both increase in bit
rate and decrease in optical bandwidth per channel result in performance degradation as
expected. Additionally, a BER floor was also observed when the operating bit rate is 1.7
Gb/s and the optical bandwidth per channel is 0.6 nm. These values correspond to
equal to 44, which is relatively low compared to those in previously-discussed LED-
based SS-WDM experiments.

Considerable progress and experiments related to EDFA-based SS-WDM systems
have been reported since then. These are discussed in section 3.4. In order to clearly
understand performance degradation due to the excess beat noise, it is useful to
mathematically describe the effect of the excess beat noise on receiver sensitivity. In
lightwave systems, the receiver sensitivity is usually expressed in term of the average

number of photons per b, required for the system to operate at a probability of bit

error P, equal to10™°. A model for determining receiver sensitivity is presented in the

next section.
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3.3 EFFECT OF EXCESS BEAT NOISE ON RECEIVER
SENSITIVITY [23], [65]

The ASE noise at the output from an EDFA is due to spontaneous emission,
which is similar to well-known thermal noise generated in electronic devices. Therefore,
it can be modeled as Gaussian noise whose power spectral density is flat over the
frequency range of interest. The ASE noise power in one polarization can be written as
[25]

Py =ng,hf.B,(G-1 ) (3.1)

where n, is the spontaneous emission factoris Planck’s constantf, is the operating

frequency, B, is the optical bandwidth, an@ is the amplifier gain. The electric field of

ASE noise in one polarization can be written as [66]
E(t) = x(t) coew,t) - y(t)sin(w,t) (3.2)

where x(t )and y(t ) are in-phase and quadrature components of the ASE noise. Both
x(t) and y(t ) can be modeled as independent identically distributed baseband Gaussian

processes with zero-mean and bandwiiii . TRe variance of each process is equal to

o’ =h,.

3.3.1 Receiver Structure and Mathematical Model

The receiver structure is shown in Fig. 3.4. It consists of an optical bandpass filter
followed by a square law detector and integrator, which are used to represent the
photodetector and the low-pass filter, respectively. The output current from the integrator
is then compared with a threshold current. The optimum threshold depends on the
probability distribution of the output current in the on-state and in the off-state, and is

given by
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Py (1) = Po(ly, ) (3.3)

where p, and p, are the probability density functions (pdf) of the output current in the

on-state and in the off-state, respectively. The receiver decides that bit “1” was

transmitted when the output current exceggsand that bit “0” was transmitted when
the output current is less thap . If maximum likelihood is assumed, then the probability

of bit error is found from
P =L p(dx+ [ p,(x)dx (3.4)
e — ZI_“ p1 2J'Ith po .

The problem in solving the equation (3.4) is reduced significantly whengyodind p,

are Gaussian distributed and using the assumption that both integrals in (3.4) are equal. In

that case, the probability of bit err8 is given by

1 = NG
P=—/[ex —Hx 3.5
= %2% (3.5)

where

Q= Hi~Ho (3.6)
01 +00

and u, and o, are the average photocurrent and variance in the on-state, respectively,
and u, ando, are the average photocurrent and variance in the off-state, respectively.
When bothp, and p, are Gaussian, the only parameters that are required are the means
(u, and ;) and variancesd,; and o) of the currents in the on-state and in the off-

state. The value o) indirectly represents the probability of bit error; for example,

Q=6 for P, =107. Itis clearly seen that the Gaussian approximation is fairly simple.
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However, in some cases, it is not adequate to represent the pdf of the signal with a
Gaussian distribution, as we will see later.

The square-law detector converts the optical signal to an electrical signal. The
output current from the detector is proportional to the square of the input electric field.
Therefore, by using (3.2), the output current from the integrator can be expressed as

= LD +Y O + R0+ T O+ 1, @.7)

whereT is the bit periodx(t ) y(t), X(t), and y(t ) are independent identically

distributed baseband Gaussian processes with zero-mean and barigjwidtiThe 2

variance of each process is equabto. X(t) and y(t ) correspond to the electric field in
the polarization orthogonal to that &ft apd y(t ). In addition, the power spectrum of
these processes is rectangular in shape since the optical bandpass filter is modeled to have
a rectangular transfer function. The thermal noise current due to the electrical
components of the receiver is represented hyand is assumed to be a Gaussian random
process having zero-mean. It should be noted that the shot noise, generated from the
photodetector, is negligible compared to the signal fluctuation, and to the thermal noise
since a p-i-n photodetector is employed.

Another assumption is that the received signal has perfect extinction ratio and the
effect of dispersion is neglected. Therefore, in the on-skéte, y(t), X(t), and
y(t) represent the noise-like signal whereas these terms are equal to zero in the off-state.

The integral in (3.7) can be approximated by a summation, which results in [23], [65]
I:im[x.2+y.2+%2+7?]+l (3.8)
2m IZ 1 I 1 I n )

where x;, vy, X, andy, are independent Gaussian random variables with zero-mean and

varianceo?. The first term, corresponding to the noise-like signal, consists of the sum of

the squares of independent Gaussian random variables scaled dabi@mhyT herefore,
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the first term is a modified chi-square random variable vithdegrees of freedom. Its
pdf is given by [23], [65]

E’%g mXE
Px (X) = mx eX%F (39)

where X represents the first term in (3.8). It is clearly seen from (3.8) that the pdf of the
current in the on-state at the decision circuit is not Gaussian. Instead, it is the result of the

convolution betweerp, (x Jn (3.9) and the pdf of the thermal noise, which is assumed

to be Gaussian. However, the Gaussian approximation is usually used to find the receiver
sensitivity in laser-based lightwave systems. Thus, it is interesting to compare the result
obtained from the Gaussian approximation with that obtained from the actual distribution.

3.3.2 Gaussian Approximation [23], [65]

As seen from (3.6), this approximation readily gives us the closed-form solution
from the means and variances of the currents in the on-state and in the off-state. From
(3.8), the mean and variance of the photocurrent at the input to the decision circuit are

given by
2
H, =20 (3.10)
Ho =
ol = H2 R +0;
om0 (3.11)
0, =0}

where agz is the variance of the thermal noise, and is the variance of the noise-like

signal in one polarization. By substituting (3.10) and (3.11) into (3.6), the paraghéter
given by
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Q:
e

From the above equation, if the excess beat noise dominates over the thermahrisise (

(3.12)

small), then

Q= {/SNR cees = V2m (3.13)

where SNR, ..ds the electrical signal to noise ratio of the continuous ASE light. (3.13)

implies that the BER performance is solely determinedanbywhenm is small.

However, the pdf of the excess beat noise is not Gaussian whereas (3.13) is analyzed
based on the Gaussian assumption. Both contradict each other; therefore, the Gaussian
assumption is questionable at small valuemofFrom the SNR point of view, it is clearly

seen that at small value af, SNR is limited bym, which is the effect of excess beat

noise. The variance” is related toN , by

o? =N nqR, (3.14)

wheren is the quantum efficiency of the photodetectpiis the electron charge. The

thermal noise can be related to the receiver parameters by
oZ =2, C.qR: (3.15)

whereV; is the thermal potential (product of Boltzman’s constant and the temperature
(300K) divided by the electron charg€), is the effective noise capacitance of the
receiver. By substituting (3.14) and (3.15) into (3.12), the receiver sensiilyityan be

expressed as
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Q [V C,
N =L (3.16)

This result is plotted as a function of in Fig. 3 forQ= 6(P, =107°), n=0.7, and

C; =0.1 pF. As we expect, the receiver sensitivity becomes poorer (highar) as

becomes smaller. Additionally, a bit-error-rate (BER) floor is observed at small value of
m due to high signal fluctuation causing large excess beat noise. On the other hand, the
receiver sensitivity approaches that of the deterministic signal at large vatue of

because the excess beat noise is negligible. It should be noted that the BER floor is
observed am equal to 18 when the Gaussian approximation is used. The SS-WDM
system can actually be operatedratsmaller than 18 [24]. Therefore, the Gaussian
approximation is not adequate to describe the distribution of noise-like signal when the

value ofm is small.

3.3.3 Modified Chi-Square Analysis [23], [65]

The following is a more accurate analysis of receiver sensitivity. As stated earlier,
in the on-state the distribution of the photocurrent at the integrator output due to signal
alone can be approximated to be modified chi-square dmthdegrees of freedom. When
the thermal noise is also taken into account, the pdf of the photocurrent due to the signal
and thermal noise is the resultant convolution of the pdf of the signal current and the pdf
of the thermal noise. Such convolution yields the following distribution:

K(ma)Zm a—(1+2m)/2
(2m-1)! 2exp(c)

p,(X) = [\/Er(m)Hyg(m,ll 2,b? /4a)

~br (m+1/2)Hyg(m+1/2,3/2,b% / 4a)| (3.17)

where
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K = - (318)
27'[Ug

a= 0—12 (3.19)

a= 2—12 (3.20)
Ug

b =ma - 2ax (3.21)

c=ax? (3.22)

where “Hyg”, which appears in (3.17), refers to the Kummer confluent hypergeometric
function andl" is the gamma function.

In the off-state, there is no signal; the fluctuation in the photocurrent is solely due
to the thermal noise, which is Gaussian with zero-mean. Hence, the pdf of the output
current from the integrator in the off-state is given by

0 (X) = —— ex% x* b (3.23)
T Jero? 205 ¢
It should be noted that it is extremely difficult to solve (3.3)Ifprwhen p,(x ) and

p,(X) are given by (3.17) and (3.23), respectively. However, for very small probability
of bit error, a suboptimal threshold which is close to the optimum is the point at which
both integrals in (3.4) are equal. By using this condition, the suboptimal point is found to
be equal to6 (&, for P, = 107°. Substituting this suboptimal point, (3.17), and (3.23)

into (3.3), the receiver sensitivity can be solved numerically as a functiontnf using
the following equation:
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M[r(m)Hyg (mar2,0°14a)- b/ Va) (m+1/2Hyg(m+1/2.3/2,07/ 4a)]

m-—1)!
(3.24)
Forn =0.7 andC; =0.1 pF, above relation can be simplified to
(6aam/N, f" .
1= W[r(m) Hyg(m1/2,k)- (644m/ N, -8.5) (m+1/2)Hyg(m+1/2,3/2,K)|
m
(3.25)
where
2
K = 1036%458m _ 273_226m +18 (3.26)

N; N,
The resultant receiver sensitivity as a functiomofs shown in Fig.3.5. As seen from
this figure, the chi-square analysis indicates that smaller valuesazin be used than
indicated from the Gaussian approximation. This is because the Gaussian assumption is
accurate only in the central region of the detected-current distribution whereas the tail of
the distribution is the factor that determines the BER performance [67]. Since at small
value of m, the excess beat noise is not negligible, the results obtained from the Gaussian
approximation deviate from those obtained from the analysis using (3.17).

At large values o, the receiver sensitivity predicted by both analyses
converges to that of the deterministic signal. This can be simply explained by the fact that
when m is large, the excess beat noise is small compared to the thermal noise at the
receiver. Therefore, the distribution of the on-state current is well approximated to be
Gaussian. However, both Gaussian approximation and modified chi-square analysis show
that the excess beat noise increases atecreases. Therefore, operating at high bit rate
and narrow optical bandwidth per channel to increase system capacity will result in a
power penalty from the dominant excess beat noise.
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As seen from (3.11), the variance of the current in the on-state at the decision
circuit is larger than that in the off-state due to additional excess beat noise. In other
words, the noise is signal dependent. Therefore, the decision threshold in SS-WDM
systems is different from that in laser-based systems where noise does not exhibit signal
dependence. The optimum decision threshold should be below the midpoint of the
vertical eye opening at the receiver [68]. Additionally, the received SNR also varies
considerably with time, and it depends on optical pulse shape, lowpass filter at the
receiver, and the extinction ratio of the signal [69]. This implies that the decision time has
to be precisely selected, and the signal format should be non-return-to-zero (NRZ) since
long duration in the on-state is required to stabilize the SNR [69].

Although the results in this section are for the ASE noise, they are also applicable
to the case of LEDs and SLDs. This is because the noise at the output from EDFAs,
LEDs, and SLDs is due to spontaneous emission, which can be modeled as Gaussian
noise. The difference between the noise from EDFAs, and that form LEDs and SLDs is
the achievable power. EDFAs can produce noise having much higher power than LEDs
and SLDs can produce.

3.4 PROGRESS AND EXPERIMENTS IN EDFA-BASED SS-WDM

SYSTEMS

With an EDFA as a light source, SS-WDM performance has been improved
dramatically in term of operating bit rate and transmission distance. One factor is due to
the high output ASE noise obtained from an EDFA. A broadband ASE source providing
an output power above 100 mW (20 dBm) over a bandwidth of 15 nm has been reported
in [70]. The flattened ASE spectral profile is achieved by employing two types of fiber
amplifiers having different spectral profiles.

Furthermore, it has been experimentally shown that greater than 22 dBm of ASE
power can be launched into a 94-km long dispersion-shifted fiber without stimulated
Brillouin scattering (SBS) effect [71]. In the case of laser-based systems, the maximum
power that can be launched into the same fiber without SBS effect is only about 15 dBm.
This is because the optical bandwidth of the ASE signal is considerably larger than that
of laser-generated signal, and the nonlinear SBS gain decreases as the signal bandwidth
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increases [55]. This suggests that larger power budget can be achieved in SS-WDM
systems, which would result in longer transmission distance and higher bit rate operation.

It is clearly seen from the previous sections that the receiver sensitivity of SS-
WDM is poorer than that of laser-based WDM systems due to excess beat noise resulting
from ASE signal fluctuation. The receiver sensitivity can be improved if signal
fluctuation is reduced. Keatirgg al. have proposed a technique to reduce signal
fluctuation, called feedforward noise reduction (FFNR) technique [72]. This technique
utilizes power addition and subtraction implemented by a multiplying element, e. g.
modulator, to stabilize the ASE signal power. In their experiment, BER can be improved
up to three orders of magnitude by using this technique. One drawback of this technique
is that dispersion causes imperfect cancellation. Dispersion causes the signal to spread in
time while the compensation is done at the transmitter where there is no dispersion.
Therefore, feedforward noise reduction technique is appropriate only when dispersion is
negligible.

Several transmission experiments have demonstrated [73]-[76] the potential of
using an EDFA as a source. All of them were intended to demonstrate the possibility of
deploying SS-WDM systems in long-span, high-bit-rate systems. With the help of
EDFAs as a power amplifier, and an in-line amplifier, a single channel at 2.5 Gb/s was
transmitted over 200 km of a dispersion-shifted fiber with only 1.8 dB of power penalty
[76]. The values o in these experiments are more than 50; therefore, severe power
penalty was not observed. In addition, the modulators used in these experiments exhibit
polarization dependence. Thus, the output ASE from the modulators has only one
polarization.

Leeet al. has demonstrated that receiver sensitivity can be improved if
polarization-insensitive modulators are used [77] as shown in Fig. 3.6. This can be
explained by the fact that the excess beat noise in the two orthogonal polarizations does
not correlate with each other. On the other hand, the ASE signals, represented by
received dc current, in two orthogonal polarizations are added constructively. By
employing the polarization-insensitive modulator with an unpolarized ASE source, a 1.5-
dB improvement was achieved over a polarized source having the same optical

bandwidth in a 1.7 Gb/s transmission experiment. Their results also suggest that the
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optical bandwidth can be reduced by 3 dB with small power penalty when an unpolarized
source is employed. Since power penalty can be compensated by increasing transmitted
power, 3-dB decrease in optical bandwidth per channel implies that the system capacity

can be doubled.

Another method that can improve receiver sensitivity in SS-WDM systems is to
use a preamplifier to suppress the thermal noise at a receiver. This technique was
theoretically proposed by Arya and Jacobs [23], [65]. In their analysis, improvement of
more than 10 dB in receiver sensitivity can be achieved, and the deployment of a
preamplifier results in an optimum value wf as shown in Fig. 3.7. This is due to two
competing effects: the ASE noise from the preamplifier and the excess beat noise caused
from signal fluctuation. The ASE noise from the preamplifier increases with the optical

bandwidthB,, which is related tan by m= B,T , whereas the excess beat noise is
stronger asn is decreased. Therefore, for a given bit @ethere is an optimum
optical bandwidth per channg, ., which can be found fror8, ,,, = m,, (R, where

m,,; is the optimum value ofn when a preamplifier is employed.

3.5 SUMMARY

In this chapter, the development of SS-WDM systems has been discussed. The
fundamental limitation in SS-WDM systems was also stressed. Also shown were the
mathematical formulations and models, used to explain the characteristic of SS-WDM
systems. These are the underpinning of the next chapter, which is the theoretical analysis
of the effect of dispersion on SS-WDM systems.
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Chapter 4

DISPERSION EFFECT ON SS-WDM SYSTEMS

This chapter is the main contribution of this thesis. In this chapter, the receiver
sensitivity of a spectrum-sliced wavelength-division multiplexing (SS-WDM) system
employing a single-mode optical fiber is analyzed and evaluated. Unlike a dispersion-
shifted fiber, a single-mode fiber exhibits severe dispersion at thquindsndow,
which is the same as the usable wavelength band provided by erbium-doped fiber
amplifiers (EDFAS). The optical bandwidth per channel of a SS-WDM system is usually
large compared to the bit rate. Therefore, dispersion will degrade the performance of a
SS-WDM system more severely than that of a conventional laser-based system. The
degree of severity caused by dispersion needs to be studied in order to understand the
characteristic of a SS-WDM system employing a single-mode fiber. This is the main
objective of this thesis and it is presented in this chapter.

This chapter is organized as follows. Section 4.1 provides background
information of a SS-WDM system employing a single-mode fiber. The mathematical
model used to represent the effect of dispersion is discussed in Section 4.2. Also
explained in this section are the system model and formulation used to evaluate the
receiver sensitivity. The parameters and conditions used in the evaluation of the receiver
sensitivity are discussed in Section 4.3. The receiver sensitivity is provided in Section
4.4, including the approaches that are used in the numerical evaluation. The last section,
Section 4.5, is a summary of this chapter.

4.1 INTRODUCTION
The analysis of receiver sensitivity when the effect of dispersion is neglected was
discussed in the previous chapter. The receiver sensitivity is usually defined as the

average number of photons per hif, required for a given bit error probabilify, which
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is usually set td0™°. Unlike laser-based systems, SS-WDM systems commonly operate
at a large optical bandwidth per channel compared to the bit rate. Therefore, the receiver

sensitivity is generally expressed in terms of the normalized parametefT =B, /R, ,
where B, is 3-dB optical bandwidth of the signal, afidis the reciprocal of the bit rate
R,. Two important conclusions that can be drawn from the analysis [23], [65]

summarized in the previous chapter are: receiver sensitivity improvesnaseases and
the Gaussian approximation underestimates system performancenwisesmall. The
former is due to the fact that the excess beat noise is inversely proportiomaltce
latter is because whem is small, the distribution of the signal at the input to the
decision circuit has tails that are more confined than that implied by a Gaussian
distribution.

Although increasingm results in better receiver sensitivily, fewer channels

can be employed for a given usable bandwidth of the transmission link. In addition, the
usable bandwidth is decreased as the transmission distance increases due to the self-
filtering effect of cascaded EDFAs along the link [27]. Moreover, large value of
implies that a signal experiences severe dispersion caused from the frequency
dependence of the effective refractive index of an optical fiber. This is usually the case in
systems employing single-mode optical fibers with moderate transmission distances, and
in systems employing dispersion-shifted fibers with large transmission distance and
where the operating wavelength is slightly displaced from the zero-dispersion
wavelength.

Dispersion causes a signal to spread beyond its bit period. Therefore, it results in
intersymbol interference (ISI), and the reduction of signal power for bit “1”, both of

which degrade the receiver sensitivitly,. Consequently, there are now two factors that
affect N ,: the excess beat noise and the dispersion. A large optical bandByidésults

in severe dispersion experienced by the signal. On the other hand, the excess beat noise is

reduced when the optical bandwidj is large. Therefore, there should be an optimum
value of m(an optimum value oB, for a givenR,), which is the result of these two

competing effects. The optimum value rofin the presence of dispersion has been

Chapter 4: Dispersion Effect on SS-WDM Systems 68



reported in [24]. Unfortunately, the results in [24] are expressed in terms of physical units
(e.g. distance is expressed in km) with a limited range of parameters. However, we
believe that it is more useful to express the receiver sensitivity in terms of normalized
parameters since they intuitively represent the factors that affect the system performance.
In addition, normalized parameters can be applied over a broad range of conditions, and
be easily converted back to physical parameters.

The main objective of this thesis is to evaluate the receiver sensitivity of a SS-
WDM system employing a single-mode fiber. The results are expressed in terms of two

normalized parametersn=B,T, and z/L, wherez is the transmission distance and
L, is the dispersion length defined as the distance at which the root-mean-square (rms)
pulse width of a Gaussian pulse increases by a factgRofrom its initial width [1].

The value ofm represents the effect of the excess beat noise, and the normalized

distancez/L, depicts the degree of dispersion. In conventional laser-based systems, the
effect of dispersion becomes significant when the transmission distance apptgaches
The bit rateR,, optical bandwidthB,, and transmission distan@efor a specific system,

can be related back to the corresponding receiver sensitivity via the valoearaf
Z/L, .

4.2 METHODOLOGY AND MATHEMATICAL MODELS

In this section the mathematical models used to represent components in a SS-
WDM system are described in detail. The mathematical formulations derived from these
models are then used to find decision parameters, which lead to evaluation of the receiver
sensitivity. The initial schematic diagram is identical to that shown in Fig. 1.7. However,
we assume that the WDM (de)multiplexers used in a system have rectangular passbands
and are lossless. When only a single channel is considered, these WDM (de)multiplexers

can be replaced by ideal rectangular bandpass filters having bandwBjz centered
at the operating frequency of the sighal The output signal from a modulator will
occupy a bandwidth larger thad) Hz due to the effect of modulation. However, the

spectral content of the output signal from the modulator located outside the bandwidth
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B, is small compared to that located inside. Therefore, it is justifiable to neglect the

effect of the two ideal rectangular bandpass filters used to represent the WDM
multiplexer at the transmitter and the WDM demultiplexer at the receiver.

By using these assumptions, the schematic diagram used in this analysis is as
shown in Fig. 4.1. It consists of a broadband unpolarized noise source followed by an
optical bandpass filter which does the spectral slicing. A polarization-insensitive
modulator is used to embed the transmitted data (“0” and “1”) into the noise-like signal.
The signal is then transmitted through an optical fiber having a phase (propagation)
constantB(f )where f is a frequency of interest. Note that optical bandpass filters,

which represent the WDM multiplexer at the transmitter and the WDM demultiplexer at
the receiver, are omitted since it is assumed that they do not affect the signal.

The receiver contains a p-i-n photodetector, followed an electrical amplifier and
an integrate-and-dump filter (integration time equal 9o The p-i-n photodetector is
modeled by a square-law detector. The electrical amplifier and integrate-and-dump filter
are represented by a receiver thermal noise source and a reset integrator as shown in Fig.
4.1. The receiver output (the output from the reset integrator) is fed to a decision circuit,

which compares the received signal with a threshold current denoted by

4.2.1 Methodology

Dispersion causes a signal to spread in time, which results in intersymbol
interference (1SI) and reduction of signal power for bit “1”. Since the data embedded into
the signal is random in nature, the number of possible bit patterns is infinite. Fortunately,
there are only two events (bit patterns) that need to be considered in order to construct
decision statistics necessary for evaluating receiver sensitivity. These two events
correspond to extreme ISl for bit “0” and highest power reduction for bit “1”. In order to
avoid confusion, both events are denoted by three binary digits 101 and 010, respectively.
The second (middle) digit is used to present the current bit. The first digit denotes the
transmitted data of all preceding bits when the current bit is considered. Similarly, the
last digit denotes transmitted data of all following bits. Note that all preceding bits and

following bits are identical in the extreme case.
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The decision threshold must be computed from the events that minimize the
vertical eye opening at the decision time. These events correspond to 010, and 101. The
former results in the lowest average value of the receiver output when the current bit is
“1”. The latter corresponds to the highest average value of receiver output when the
current bit is “0”. It is reasonable to choose the threshold to be the point at which the
probability density functions (pdf's) of both receiver outputs are equal. This threshold

can be numerically found from the following equation.

Poro(ltn) = Proallen ) (4.1)

where p,,,(x )is the pdf of a receiver output when the current bit is “1” and alll
neighboring bits are “0”, ang,,,(Xx gorresponds to the current bit being “0” and all

neighboring bits being “1”. Two events have to be considered in the evaluation of the
probability of bit error. The first corresponds to all neighboring bits being “0” whereas

the second corresponds to all neighboring bits being “1” when the current bit is
considered. In our case, it is found that the worst case corresponds to neighboring bits all

being “1”. Therefore, it is justified to approximate the bit error probability from

I!h

1° 1
R = Er[ Prog (X)dX + E_J;plll(x)dx (4.2)

where |, is given by (4.1),p,,,(x )s the pdf of a receiver output when all bits are “1”.

This is an upper bound to the error probability, because the threshold given by (4.1) may
not be strictly optimum, and because we determined that (4.2) represents worst case

sequence. It is clearly seen form (4.1) and (4.2) that only three distinct pgf6x , )
P.o:(X), and p;;,(X ) are necessary to evaluate the receiver sensitivity in the presence of

dispersion caused by an optical fiber.

In the absence of the dispersion that causespgj(x and)p,,,(x)are identical,

and can be expressed pgx giyen by (3.17) [23], [65]. Similarlyp,,,(Xx )s identical
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to p,(x) given by (3.23) [23], [65]. However, when the dispersion is taken into account,

these pdf's are extremely difficult to obtain. The dispersion causes the pdf of the receiver
output due to a received signal when “1” is transmitted to deviate from the chi-square
distribution with 4m degrees of freedom presented in [23], and [65]. Likewise, the pdf of
the receiver output when “0” is transmitted departs from the Gaussian distribution.

In the case ofp,,,(x and p,,,(x), whenm is small the excess beat noise

dominates the receiver thermal noise. On the other hand, the excess beat noise is
negligible compared to the receiver thermal noise wieis large. Therefore, it is

reasonable to approximai®,,(x ahd p,,,(x)with chi-square distributions whose

degrees of freedom and variance are approximated from the evaluated means and

variances of the actual receiver outputs. By using a similar apprpagtx can be

approximated to be a Gaussian distribution since the receiver thermal noise is the
dominant effect.

In order to use these approximations, it is necessary to obtain the actual mean and
variance of the receiver output in each case. It should be noted that the non-dominant
effects are not neglected, but it is assumed that they affect only the distribution
parameters, such as mean and variance, but not the form of the distribution. Another
approach that is usually used is to approximate all pdf's with Gaussian distributions
having the calculated means and variances. However, we believe that the latter approach
is inaccurate due to the considerable difference between the approximated Gaussian
distributions and the actual distributions of the receiver outputs. Our approach and the
Gaussian approach will both be used in evaluating the receiver sensitivity. The results
from both approaches are then compared in order to see the difference between both
approaches. We will begin with the case when the current bit is “1” and its neighboring

bits all are “0” (py;o(X ))-

4.2.2 ASE-Noise Signal

Although the ASE noise can be modeled as that presented in (3.2), such a model
is difficult to deal with when the dispersion is taken into account. Fortunately, Marcuse
[78], [79] has shown that whemis sufficiently greater than unity the ASE noise
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occupying a bandwidth dB, Hz can be expressed as a Fourier seriga 6érms. The
coefficients in this series are independent identically distributed (i.i.d.) Gaussian random
variables having zero mean and variance equal to the source power in the bandwidth of
1/T Hz that corresponds to the increment step in the Fourier series. Consequently, when
“1” is transmitted, the electric field (in one polarization) at the input to the optical fiber

can be expressed as

(m-1)/2

San®= > =00 + iy)exdi2n(i, +i/Ty] (4.3)
i=—(M=1) /2

where g(t )is a rectangular pulse of duratidn x, andy, are i.i.d. Gaussian random
variables having zero mean and variaoce= N hf.R,, andh is Planck’s constant
which is equal td.38054x10° J/K. Note that the ASE noise used in our analysis is

unpolarized; therefore, the electric field contains two orthogonal polarizations. The

orthogonal electric field has identical expression as that given by (4.3); howeeed
y, are to be replaced by andy., respectivelyX. andy, are also i.i.d. Gaussian
random variables with mean and variance identical to that ahd y;, and all of them

are independent of one another. For mathematical convenience and ease of notation, only

the single polarization of the electric field is indicated in (4.3).

4.2.3 Dispersion

The dispersion in an optical fiber is caused by the frequency dependence of the
mode indexn(f) of the fiber. Therefore, signal components at different frequency
propagate along the fiber with different velocities, which then results in pulse broadening.
This phenomenon can be modeled as different time delays for distinct signal frequencies.
In our analysis, the optical fiber of lengthis assumed to be an all-pass lossless filter
with a transfer function given by

H(f) =exp(- jB(f)z) (4.4)
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where B(f )is the phase (propagation) constant of the optical fiber. It is related to the
mode index byB(f) =n(f) 27 /c wherec is the velocity of light in free spac@&(f )
in (4.4) can be expanded into a Taylor series around the operating fregiuefdgythus,

(4.4) becomes

_ O . _ 2 _£12 f 3 _ s [
H(f)—expg-lzgi’oﬂﬂﬁl(f fo) +2m B, (f - 1) t37 Bs(f - 1) % (4.5)

where 3, = BLH B . The first two terms in (4.5) do not contribute to pulse
Rrogdf" o_,

broadening; hence, they can be neglected. If the operating frequency is far from the zero
dispersion frequency, then the third term dominates the second term. This condition is
usually satisfied in 1.55m systems employing single-mode fibers. As a result, the

transfer function of an optical fiber is reduced to
H(f) = expl- j2r®B,z(f - 1.)?) (4.6)

Since g(t )in (4.3) is a rectangular pulse of duratibn the spectral content of each term
in the summation is concentrated around its corresponding frequerdyT . Thus,
H(f) given by (4.6) can be linearized around each frequency denotédHiyT . As a

result, the transfer function of the optical fiber for each term indexedifmyhe Fourier

series can be expressed as
H, (f) = exp- j2r®B,z(f - £,)(i/T)) 4.7)

where 3, is in the units of g&m, and can be related to the dispersion parameter of an

optical fiber by
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B,=-D= (4.8)

where D is the dispersion parameter in the more common units of ps/km-nm, and

A. =c/ f_ is the operating wavelength. (4.7) indicates that the dispersion is simplified to
a multipath effect where individual signal components at different center frequencies
experience distinct time delays. By applying (4.7) to the input signal given by (4.3), the
signal (in one polarization) at the output from the optical fiber can be expressed by

Sa®= 3 gl -,z T + Iy)exdizn(t, + 1] (49)
i=—(m/2vM

where only the real part of the above expression represents the physical signal. This
expression implies that as the distazcéncreases, the signal becomes broader due to
increase in time delays for individual components. The farther they are away from the

center frequencyf_, the larger their time delays.

4.3 DECISION PARAMETERS

Mathematical expressions for the receiver outputs are discussed in this section.
The receiver outputs are necessary for constructing decision statistics used in evaluation
of receiver sensitivity. The mathematical expression for the signal at the output from a
single-mode optical fiber described in the previous section is used to find the required
receiver output. The main functions of a receiver are to convert an optical signal to an
electrical signal, and to process it as necessary. The device in the receiver providing the
optical-to-electrical conversion function is a photodetector.

The photodetector used in our analysis is a p-i-n photodetector. The output
photocurrent from a p-i-n photodetector is proportional to the power of the incident
electromagnetic field; therefore, a p-i-n photodetector is represented by a square-law
detector whose output is proportional to the square of the input. The photocurrent from a
p-i-n receiver can be expressed by
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i(t) = %Qe(t)f + |§(t)|2) (4.10)

wheree(t ), andée(t ) are the input electric fields to the photodetector in the two

orthogonal polarizationd,! is the responsivity of the photodetector, which is given by

n=341 (4.11)

where g is the elementary charge constant, which is equhbe218<10™*° Coulomb,
andn is the photodetector quantum efficiency. The output current from the

photodetector can be found by substitutiyg . (t (a$ given by (4.9)) foe(t )n

(4.10), and similarly replacing, andy, by X andy, to obtaine(t ) (Note that the tilt

sign denotes the signal components in the orthogonal polarization.) Then, the receiver
output (the output current from a reset integrator) when the current bit is “1” and all
neighboring bits are “0” can be expressed as

g
0 0w o~ e
loso =5 =0 Slabe+yz+x2+52)+ _Z Z (04 + Y YRR YT

% Tmax = |

| max | max E

+ 5 S Cboyemvix + X - v X o+ I,
e e H
(4.12)
where | is the thermal noise current generated at the receiver, and
T/2
A = [92(t -8,z /T))dt (4.13)

-T/2
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T/2

B, = (9lt-mB8,zi/T))glt - mB,z(k/T))cod2m(i — k)t /T )dt (4.14)
C, = mg(t —18,2(i /T))gt - B, z(k /T))sin(2m(k — i)t/ T)dt (4.15)
. _Bm-10712 H
Imax = MINO——, 3——[1J (4.16)
g2 giBlz

where min{a,b} is the minimum betweea andb, and [@[Jis the floor function which
roundsd to the nearest integer less than or equal tdhei,, is accounted for the fact
that when the distance is larger, the rectangular pulﬁt - 1B, (i /T)) is further away
from the origin. When the distaneeis less thar2T 2/(7T(m—1)|B2|), all (m-1)

rectangular pulses having distinct time delays are still within the current bit slot

[-T/2,7/2]. However, wherz is larger tharQTz/(n(m—1)|B2|), fewer rectangular

pulses are within the current bit slot; consequently, the number of terms in the
summations depends on the distaace

It should be noted that the second and the third terms in (4.12) are the additional
beat noise terms results from the dispersion. These additional beat noise terms give rise to
increasing the fluctuation of the receiver output. When only the receiver output due to a
received signal is considered, only the first term of (4.12) is present in the absence of the
dispersion ¢ =0). This first term is identical to (3.7) which has been shown to be chi-
square distributed witdm degrees of freedom [23], [65]. However, whens greater
than zero, all three terms in (4.12) are present. Therefore, the pdf of the receiver output
due to a received signal is no longer chi-square distributeddmitldegrees of freedom,
and is extremely difficult to find. Moreover, it is considerably more difficult to find the
pdf of the receiver output when the effect of the thermal noise generated at the receiver is
also included.
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Neverthelessp,,,(x Tan be reasonably approximated with the chi-square

distribution since the excess beat noise is the dominant effect in this case. Two required
parameters in this approximation are the actual mean and variance of the receiver output.
The last three terms in (4.12) have zero-mean; thus, only the first term contributes to the

average value of the receiver output, and it is found to be

o220  m,|z(m*-1)0 oT?
g T e B o
lowo =0 1= 072 [D’[IB |Z 12 H_ % (4.17)
D] 2
4 1t-orgz—=———
5" 54 i T BzIZ@+H * (- 1)|/32|

where o? is the variance of individual i.i.d. Gaussian random variakley, , X, and
y,. By using the fact that,, y,, X, y., andl, in (4.12) are independent and have zero

mean, the variance df,, is expressed by

m

gé I_Zax [Az Var(xiz Y AR AY] )]

O
0510 :Bﬁ

max

+ [ZB.k var(x X, + ¥, Vi + X% % + ¥, Vi )] (4.18)

k=|

. 'max
|

£ S S lect varlxy, - yx, + %9, - 5% var(,)

k==1

. 'max
|

where var(a) = E(a?)- E?(a) is the variance of a random varialse and E(...) is the
expected-value operation. The last term in (4.18) represents the thermal-noise power,

which is denoted by ?. Since the variances of, vy,, X, andy, in (4.18) are all equal

to g, (4.18) can be further simplified to
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Ao = -_i“‘x Az
Em_rdﬁz|z(m2—l) _711,82|sz0<2< 2T?
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U

| ZE.LE[A”" (Boso +Cono )|+ 07

:5 Eal % bz T O % 771/32|z E

g 571:32|Z% T B.|zH

BOlO + c:010 = Z f (Bli + Cli)

€ 2 EL co |, |2
Z(”) T?

imax—1 1

571:32|ZE

i | B, |2i°
,Z (271) @ T?

e 2 ?|B,|z(k —i)k
+.zk;(n<k_.» - C‘%P T

N |/32|Z(I+k)%

& S (i +K)) 5

where

i :mingm_lm-r2 %
2 e
k;w:minjﬁn—_l,gl—i%

02 Bz &

(4.19)

(4.20)

zz2—=
m(m=-1)|8B,|

(4.21)

(4.22)

(4.23)
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By using the definition of the dispersion lendtp given earlier in this chapter, the
parameters3,, andT can be related to the dispersion length by the following
equation.

Ly = (4.24)

-I-z
12[]1/32|

whereT?/ 12is the mean-square pulse width of a rectangular pulse of dufatidy

using (4.24), the average value of the receiver output in (4.17) can be expressed as

El]a gﬂm m(z/ Ly)(m? 1)D0<2/LD_ 24
| _EZm 0] 12 n(m-1)
010 —
fdo? O 12 EDT(z/L) 24
10-2 >
Dﬂzmg4 Tei)E 12 @(zu i E o, 2(m=-1)

(4.25)

Similarly, (4.20) and (4.21) can be expressed as

m(z/ Ly)(m? l)El n(z/L )mB0< 2L, 24
24 n(m—l)

[l
§{+2D 12 n(z/L ) n(z/L ) D 12
i (z/L, )[@ (z/L )D (z/LD)

|
n-
Ao =

I:Iq_l:l

1% z2 24
n(m-1)

(4.26)

Bowo + Coso = (71[) W% (4.27)

+|max—1  ma 2 S_—CO‘HT[ (z/L, )(k—l)k%

1= k=|+1(7-[(k_i))2 E E 6
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_I_"max 0 (HZT[ (z/Lp)i? %

22’5 H 3
ol Ko D H’[ (z/ L, )(|+k)
" .Z erl(r[O +k))2 E %
where
. Om-10 12 D
Imax = MIN3 , 4.28
22 He)E (4.28)
. . Om-10 6 [
iy = MIN , 4.29
22 HeE (4.29)
COm-10 12 M
K., =min3 , —i 4.30
52 By 'E =0

where (4.28) to (4.30) come from (4.16), (4.23), and (4.24), respectively.
The next parameters that need to be found are the mean and variance of the
receiver output when the current bit is “0” and all neighboring bits are “1”. In this case,

the pdf of the receiver output is denoted fy,(x , which is approximated with a

Gaussian distribution because the thermal noise instead of the excess beat noise is the
dominant effect. The output electric field (in one polarization) from an optical fiber when
the current bit is “0” and the nearest neighboring bits is “1” can be expressed as

(m-1)/2

Socal0= 3 o+ T8, D, + ezt +ime ]

(m-1)/2 l
+ 0y 7 9t - T - 7B,2G IT))x,, + iy, ) exdjzn(f, +i/T)t-T)]  (4.31)
i=—(m-1)/2

Chapter 4: Dispersion Effect on SS-WDM Systems 81



where x andy,;, are i.i.d. Gaussian random variables having zero mean and

p/f,i
varianceg? = N, hf.R,, and subscriptg and f correspond to the previous bit and the

future bit, respectively. Note that only nearest neighboring bits are present in (4.31).
However, (4.31) can be extended to cover the case when all neighboring bits are “1” and
the current bit is “0”, and all following expressions are derived from the extension of
(4.31).

By substitutinge(t )and e(t ) in (4.10) bysy,o..(t )given by (4.31) withx,,  ;

andy,,; being replaced by, andy,, ; for €(t), the output current from the

photodetector due to the signal in both orthogonal polarizations can be found. Similar to

the previous casex,, ;; andy,,; are again i.i.d. Gaussian random variables having the

same property ax andy,,;, and all of them are independent of one another. When

p/f
the effect of the reset integrator and the fact that the signal is unpolarized are taken into
account, the average value of the receiver output (the output current from a reset

integrator) in this case is given by

EI]J Ot(z/ L, )(m? —l)D0 </ 24
 Ham 12 g ° = (m-1)
lie =0
do? O 12 EDT(z/L ) 24
Tom g(m RTINS e @(zu )H'lEZ%Z/LD‘n(m—l)
(4.32)

By using a similar approach, the variance of the receiver output, as functions of the

normalized distance/L, and m, can be expressed as

.
01201 = Z% é (A101 + By, + ClOl) + Gf (4.33)

where
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(4.34)
i l(MD)/2 o Hr(z/ L)k -i)i
8101: T 2L 4.35
2 2, (ki) & : “H 6 % (#35)
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m-.z (zf 2’5 o 3 12 _ . _ 24
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imax—L Tmax D 2 . 2
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l
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=1 k=l _+1 (7T(| +k)) g 6 H
(4.36)
where C,, is equal to zero whean/ L, < , Imax IS Qiven by (4.28), and
n(m-1)
g 12 0O
o = 1 (4.37)
Fz/ L)

. _0 12 _(m-10 .
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— _'D
kmin = m IEl'l'l (439)

The last parameters required in evaluating receiver sensitivity are the mean and
variance of the receiver output when both the current bit and its neighboring bits are “1”.

In this case, the pdf of the receiver outpupijs,(x . When all bits are “1”, the optical

signal at the input to an optical fiber is continuous in the time domain. Consequently, the
corresponding electric field (in one polarization) at the input to the optical fiber can be

written as

(m-1)/2

1in (1) = +jy,)exgj2m(f, +i/T)t (4.40)
Sun () = (;),Z\F(X iy;) exd j 2m( ]

By using the transfer function of an optical fiber given by (4.7) in conjunction with basic
Fourier transform properties, it is easy to show that the output electric field (in one
polarization) from an optical fiber is given by

(m-1)/2 1
o) = X + exgj2mr(f, +i/T)t (4.41)
Suiou(® = (;)mr( i) exd j 2n( )]

It should be noted that when both orthogonal polarizations of the electric field are
taken into account, the receiver output is identical to that in [23] and [65], which
corresponds to the case where dispersion is neglected. The average value and variance of
the receiver output in this case are expressed as

l,,, =2007 (4.42)

ok, = (Da ) +0? (4.43)

n
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The first term in (4.43) is due to the received-signal fluctuation whereas the second term
is due to the thermal noise at the receiver. It has been shown in [23], and [65] that the pdf
of the receiver output due to the received optical signal is chi-square distributethwith
degrees of freedom. However, the thermal noise is Gaussian with zero mean. Thus, the
pdf of the receiver output when both received-signal fluctuation and the thermal noise are

included (p,;,(x ) is extremely complex and difficult to manipulate numerically.
Fortunately, it is reasonable to approximae, (x with a chi-square distribution whose

degrees of freedom are obtained from (4.42), and (4.43). This is because the signal

fluctuation dominates the receiver thermal noise wimeis small.
Finally, all parameters required to approximag,(X , ph.(x), and p,;,(x )are

obtained. These three pdf's are then characterized by the mean and variance of the
corresponding receiver outputs. The receiver sensitivity of a SS-WDM system employing

single-mode fibers is analyzed in the following sections based on these parameters.

4.4 RECEIVER SENSITIVITY

In this section, the receiver sensitivity of a SS-WDM system with a single-mode
fiber is numerically evaluated. As stated earlier in this chapter, two approaches can be
employed to evaluate the receiver sensitivity. The first approach is termed the Gaussian
approximation. All pdf's involved in the evaluation of a receiver sensitivity are
approximated to be Gaussian distributions with corresponding means and variances. This
results in simplification of the analysis. However, some pdf's in the analysis differ
significantly from the Gaussian distributions; therefore, the Gaussian approximation may
not be appropriate in some applications.

The second approach is the modification of the first approach. In our case, some
pdf's are neither truly Gaussian nor Chi-square. Therefore, the pdf's are approximated
based on the distribution of the dominant parameters, which may be either Gaussian or
chi-square. We believe that this approach yields results that are more accurate. The
results obtained from both approaches are compared, and it is shown that the latter
approach is more appropriate.
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4.4.1 Gaussian Approximation
We begin with the average values and the variances of the pdf's that appear in

(4.1). They are used to find the threshold current. From (4.25), (4.32), and (4.42) with the
help of (4.11), the average value of the receiver output can be rewritten as

I_010/101/111 = 201N, R, M g10/101/111 (4.44)

whereM,,, M,,;, andM,, are the average values of the receiver output normalized by

the average value in the absence of the dispersion. They are given by

01 0  m(z/Ly)(m* -0 24
S‘Tm%ﬂm 12 0 2llo < m(m-1)
Moy =0 (4.45)
01 %4_45 12 EDT(z/L )%1 D+1E2%Z/LD— 24
Tim g Hi(z/ L, )E@ (z/L,)E (m-1)
01 Owz/L,)(m?-1)0 24
E‘Tm% 12 DO 2lLo < m(m-1)
MlOl |:|
01 g 0 12 EDT(z/L ) 24
s mg‘(m RN PTTINe @(zu )E”EZ%Z/LD = m-1)
(4.46)
M, = 1 (4.47)

Similarly, the variances of the receiver output given by (4.19), (4.33), and (4.43) can be

expressed as
0510/101/111 =(2/m) (quN o Ry )2 Kowoov111 + U: (4.48)

where
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Koo = @/ m)[Ablo + (Bom +Coo )] (4.49)

Kiyop = @/ m)(pm + B + ClOl) (4.50)
K= 1 (4.51)
and [23], [65] G: :87'1\/TCTde2 (4.52)

whereV; is the product of Boltzmann'’s constant and the room temperature (300 K)
divided by the elementary charge const&ht, is the effective noise capacitance of the
receiver ( 0.1 pF is assumed in our calculatioBs)is the receiver electrical bandwidth
which is equal toR,/ 2n the case of a reset integrator. The valuek gf and K,,,

correspond to the variances of the receiver output normalized by that in the absence of
dispersion. It is difficult to find a closed form expression for the decision threshold from
(4.1). However, the suboptimum threshold can be easily found from [1]

lth ®
I Pozo(X)dX = rr P01 (X)dX (4.53)
which results in
lth — 0101|_010 + Oo10 I_101 (4_ 54)
0100t 0y

By substituting (4.44), (4.48) in (4.54) and using (4.52), the closed form expresdign of

is given by

Iy = 2qr]Npr K (4.55)

where
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Ky = MOlO\/(Klollm)(quNp)z +7V;Crq + MlOl\/(Kmo/m)(qr]Np)2 +V;C.q
th —
\/(Klollm)(quNp)2 +mV;Crq +\/(K010/m)(qr/Np)2 +71V;Crq

(4.56)

Since all distributions involved in the evaluation of the receiver sensitivity are assumed to

be Gaussian, the probability of bit error expressed in (4.2) is simplified to [80]

1 g H 2gnN,, (K, =M yy,) H_I_

_ 1 quINp(Mlll_Kth) %
2052/ m)(@nN,)2 Ky, + 27, Crq

o
5@/ m)(@nN,)? Ky, + 27 Crg

(4.57)

e

where [80]

Q)= % [ dA (4.58)

The first term in (4.57) corresponds to bit “0” whereas the second term corresponds to bit

“1” when all neighboring bits are “1". The receiver sensitivity as functions oim and
the normalized distance/ L, can be numerically evaluated from (4.57). It is shown in
Fig. 4.2 for the probability of bit error equal16™®, n =0.7, andC, =0. 1pF. When

z/ L, is equal to zero, the receiver sensitivity improvesniabecomes larger. That is, for
a given bit rateR, =1/T , the receiver sensitivity is better (lower) as the optical
bandwidth per channdd, is larger. This is due to the fact that the excess beat noise
caused from signal fluctuation is inversely proportionaBto

When the normalized distan@ L is not equal to zero, there are now two

competing effects: the signal fluctuation and dispersion. The dispersion causes ISI and

decrease in signal to excess beat noise ratio. As the optical ban@®yidttreases
(increase inm=B,T for a given bit rate), the effect of dispersion becomes more severe

(as shown in (4.3), the optical pulse spreading is proportional)tdoth the excess beat
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noise and the dispersion results in an optimaigm,, ) for a givenz/L, as shown in
Fig. 4.2. The value ofn,,, and the corresponding receiver sensitivity,, are shown in
Fig. 4.3. Note thatm,, is smaller when the normalized distaref., is larger. This

implies that increase in the excess beat noise is traded for reduction in the effect of
dispersion (the dispersion has stronger effect than the excess beat noise). The increase in

N is the result of an increase in both the dispersion and the excess beat noise with the

p,opt

normalized distance/ L, . The Gaussian approximation predicts that the maximum

normalized distance/ L, is about 0.0375 and the corresponding, is about 60.

4.4.2 Chi-Square Approximation

In this approach, the distribution of the receiver output is approximated to be chi-
square distributed when the signal fluctuation dominates the thermal noise. Arya, and
Jacobs [23], [65] have shown that the receiver output due to a received signal is chi-

square distributed, which results from

1 n
X=—9 X? (4.59)
2m &
where X, is an i.i.d. Gaussian random variable having zero mean and variance equal to

o?, andn is the degrees of freedom. The expected value and the variance of the receiver

output are given by

n 2
= [& 4.60
Hx =510 (4.60)
n
o2 = 4 4.61
X 2m2 c ( )

and its pdf can be expressed as
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n/2

(m/ af)

X) = X2 expl- mx/ o’ 4.62
P =F e pl-mw/a?) (4.62)
whose corresponding cdf is given by

F, (x) =®(mx/o2,n/2) (4.63)

whereTl (a)is the gamma function , arcd(x, a) is the incomplete gamma function

defined as [81]

r(a)= [et it (4.64)
and
o(x,a)= %}e"ta*dt (4.65)

In the prior studies where the effect of dispersion is neglected [23], [65], the number of
degrees of freedom is equal to4m, ando is equal too?, the optical-signal power in
each polarization, which results jin, =207, ando; = (2/m)o?.

In our approach, the number of degrees of freedoamd the variance of each
Gaussian random variabte’ are to be approximated from the actual mean and variance
of the receiver output given by (4.44) and (4.48). Two pdfs,(x and p,,,(x ), are to
be approximated with chi-square distributions, whose pdf is given by (4.62), since the
signal fluctuation is the dominant effect in these cases. On the otherhgid, is )
assumed to be Gaussian with mean and variance as given in the previous section. The

varianceg? can be approximated from the following relationship.

i - O_-(?lO/lll (466)

Hx | 0101112
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where the subscript used depends on the sequence considered. Consequently,

2
0-? =m _010/111 (467)
I 010/111

whereg?,,,,, andl,,,,, are given by (4.48), and (4.44), respectively. By substituting

all related parameters in (4.67), and arranging the result, we obtain

0
o; = Rﬂqup)EEKO“’”“ E» ALl C T3 12 (4.68)
8 M 0101111 M o101 qr] N, E

The degrees of freedom can be approximated by making, in (4.60) equal to
| 01121 0iVEN by (4.44), and solving far with the value ofo? given by (4.68). By

doing so, the degrees of freedom is given by

U 2 2 U
n= (4m)EI]] MOlO/lll(quNp) - (4.69)

A gronua @IN, F + M7V, C [

By substitutingo? and n in (4.62), p,,,(x )and p,,,(x ) can be expressed by, (x )
with the corresponding parameters.

The first step in evaluation of the receiver sensitivity is to find the threshold
currentl,, as a function oN, from (4.1). Then the receiver sensitivily, can be
numerically evaluated from (4.2) for a given probability of bit efParBy assuming that

Poo(X) is chi-square with pdf given by (4.62) and th®§,(x is J5aussian as that in the

previous approach, (4.1) can be written as
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n/2

pg(l th ~ lios D_ m/o. )
21o =] 2077, =] r(n/2)

101

1, exp(— ml,, /af) (4.70)

where I, ando/, are given by (4.44) and (4.48), respectively, ajdand n in (4.70)

are given by

K mrv, C q D
o: =R,fanN E% °1°E+ (4.71)
é ) Moo 0 Moo(@nN,)

0 2 2 0
n = (4m) 3 Mio(anN,) O (4.72)

FKosolanN,  +mnv, C a5

By substituting all parameters in (4.2) in conjunction with (4.58) and (4.63), the

expression for the probability of bit erréx simplifies to

0 0
P, = % gg%ﬂﬁw(mhh /af,n/Z)S (4.73)
101

whereg? andn in (4.73) are

K mrV,C.q U
0.2 quN \q 111 % TT \D (474)
3 PPV, 0 MalanN, )G

O 2 2 O
n = (4m) Mm(qup) 0 (4.75)

§<111(CI'7N p)2 + mnVTCTq E

Finally, we have two equations, (4.70) and (4.73), and two unknown variaplesd
N,. Thus, the receiver sensitivity , can be numerically solved from both equations as

functions ofm and the normalized distan@ L, and it is plotted in Fig. 4.4 for the
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probability of bit error equal t&0™°, n =0.7, andC, =0. 1pF. The figure shows that
there is an optimunm for a givenz/ L, similar to the result obtained from the

Gaussian approximation. In order to test the validity of our approximation, we compare
our result atz/ L, equal to zero with that given by Arya and Jacobs [23], [65]. Their

analysis uses the exact distribution of the receiver output. The difference in the receiver
sensitivity is less than 1 dB, and our analysis predicts better receiver sensitivity, which

implies that our model is slightly optimistic.

4.4.3 Discussion

As seen from the plot, the results have the same trend as those calculated by using
the Gaussian approximation. However, the chi-square approximation predicts that a
system can operate at longer normalized distaridg, and at smallem with better

receiver sensitivity. The value aofi,,, and the corresponding receiver sensitivity ,,

evaluated from the Gaussian approximation and the chi-square approximation are shown
in Fig. 4.5 for comparison. The predicted maximum normalized distance is approximately

around 0.07 withm,, about 13 in the case of the chi-square approximation. On the other
hand, the Gaussian approximation predicts that the maximirg and the
correspondingm,,, are about 0.0375 and 57, respectively with the receiver sensitivity
being 7.7 dB poorer than that of a laser-based system without the dispersion effect. On
the other handm,, = 2%ith a 3-dB penalty in the receiver sensitivity is obtained from
the chi-square approximation atL, equal to 0.0375. This suggests that the Gaussian
approximation underestimates the system performance in all system aspects.

Note from Fig. 4.5 that a SS-WDM system can operate at only a small fraction of
the dispersion length, . The definition of the dispersion lengtly given earlier in this
chapter is based on the case where the source is coherent; i. e., the source spectral width
is small compared to the modulation bandwidly €< R, or m<<1). In that case, the

signal bandwidth is mainly determined by the operating bit RgteHowever, a SS-

WDM system usually operates it larger than unity. In order to intuitively interpret and
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compare the result more fairly, it is more useful to normalize the dispersion lendih

m (or m,, if we are interested in the optimum system performance). The new parameter

mlZ/L, can be viewed as the effective normalized distance in a SS-WDM system. The

plot of the optimum receiver sensitivity ., and its corresponding,,, as a function of
the effective normalized distanem,,, [Z/ L is shown in Fig. 4.6. At a small effective

normalized distance, the penalty in the receiver sensitivity is small. This is because the

reduction ofm,, decreases the effect of dispersion with only a small increase in the
excess beat noise. (Note thm}, decreases steadily as the effective normalized distance
increases.) However, the penalty in the receiver sensitivity increases sharpfy,and

decreases abruptly as the effective normalized distance approaches unity. This implies

that the decrease im,,, cannot efficiently compensate for the effect of dispersion when

the effective normalized distance approaches unity, and it results in high degradation in
the receiver sensitivity. Such high degradation can be considered as an error floor in
practice, and it is due to the balanced effect of both the excess beat noise and the

dispersion. One might expect smoother curves for the optimum receiver sensltjyity
and m,,, when a practical filter shape is used instead of an ideal rectangular filter used in
our analysis. The optimum receiver sensitiily ,,, and m,,, should approach infinity

and zero, respectively in that case. Nevertheless, our results indicate that the maximum
effective normalized distance of a SS-WDM system is about unity, which corresponds to
a small fraction of the dispersion length used in a laser-based system. In a practical
system, the effective normalized distance may be required to be somewhat below unity to
avoid degradation of the system performance due to the effect of dispersion.

For practical system consideration, the normalized parametersd z/ L, can
be converted back to the actual parameters. In practice, the system parameters that are
usually used to specify a system are the operating biR@atthe optical bandwidtiAA
in wavelength units, and the transmission distanc€or a given bit rate in Mb/s, the
optical bandwidth in nm can be found fram by the following equation.
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AA(nm) =m

e (um) (R, (Mb/ s) [10° E (4.76)

c(m/s)

where A, is the operating wavelengthm, andc is the velocity of light which is equal

to 3x10°® m/s. The transmission distanzein km can be found from

2(km) = (/L )EE6 o(m/s) 0" E (4.77)
°7"H6 [(R?(Mb/ s) [D(ps/ kmhm) [A2 (um) '

where D is the dispersion parameter of an optical fiber, which is equal to 16 ps/km-nm

for a single-mode optical fiber at the operating wavelergtbf 1.55 pm. For example,

for a system to operate with less than 3 dB of receiver sensitivity degradation, the

maximum normalized distance is equal to 0.0375, and the corresponging 29. By

using these two equations, the maximum transmission distance is equal to 24 km and the
optical bandwidth is 0.58 nm. This result is better than the simulations in [24] which give

a shorter transmission distance (10 km) and a larger optimum bandwidth (1 nm), which is
due to differences in the models. In [24], a polarized source, Gaussian spectral shapes and
larger receiver bandwidthB, = 0.75[R, ) are used. An unpolarized source provides

higher signal-to-excess-noise ratio since the excess beat noises from two orthogonal
polarizations are not correlated while the received optical power from both polarizations
are added constructively. Additionally, a rectangular filter used in our analysis limit the
dispersion effect.

4.5 SUMMARY

In conclusion, we have shown that there is an optimum valune fofr a given
normalized distance/ L, in a SS-WDM system employing a single-mode optical fiber.
This is the result of two competing effects: the dispersion and the excess beat noise. The
dispersion due to nonlinear phase response of an optical fiber is represented by the
multipath effect. Two approaches were used in this analysis: the Gaussian approximation
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and the chi-square approximation. The Gaussian approximation provides overly
conservative results, compared to those obtained from the chi-square approximation. The
calculated receiver sensitivity is poorer (higher) as the normalized distance increases. It
has been shown that there is a maximum transmission distance for a given operating bit
rate, and it is only a small fraction of the dispersion length. This indicates that a SS-
WDM system is more susceptible to dispersion than is a laser-based system. When our
results are compared with those presented in [24], two conclusions can be drawn. An
unpolarized source and sharper cut-off optical filter used to spectrally slice a broadband
noise source is recommended. Our analysis indicates that a SS-WDM system can be
deployed with a single-mode fiber. However, the system parameters need to be carefully
selected in order to avoid degradation in the system performance. Nonetheless, our results
imply that SS-WDM systems with single-mode optical fibers can be implemented in
high-speed local-loop applications with tolerable penalty in the receiver sensitivity if the

transmission distance is not large.
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Fig. 4.1: Schematic diagram of system model used to analyze the effect of dispersion on
a SS-WDM system.
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Chapter 5

CONCLUSIONS

This chapter summarizes the significant results obtained from the analysis of
spectrum-sliced wavelength division multiplexing (SS-WDM) systems employing single-
mode fibers. The main objective is to analyze the effect of dispersion on the receiver
sensitivity of a SS-WDM system under the effect of dispersion. The receiver sensitivity is
defined as the average number of photon per bit required for a given probability of bit

error (10 is usually quoted). This final chapter ends with the suggestion for the future
research in the area of SS-WDM systems.

5.1 SUMMARY

SS-WDM systems were proposed as an alternative for laser-based WDM systems.
The transmitters in SS-WDM systems are broadband noise sources; therefore, a signal
fluctuates with time. Such fluctuation results in an additional noise at the receiver. This
noise is known as the excess beat noise, and it degrades the system performance,
commonly measured in term of the receiver sensitivity. The excess beat noise is inversely
proportional to the signal bandwidth. Thus, the performance degradation caused by the
signal fluctuation can be reduced by increasing the signal bandwidth. However, wide
signal bandwidth implies that the signal experiences large amount of dispersion when
single-mode fibers are employed. Consequently, there should be an optimum bandwidth
resulting from the excess beat noise and the dispersion.

This thesis is mainly concerned with the theoretical analysis of the effect of
dispersion on the performance of a SS-WDM system employing a single-mode optical
fiber. The result is expressed as functions of two normalized parameters: the transmission

distance normalized by a dispersion distarwél( ), and the ratio of the optical

Chapter 5: Summary 103



bandwidth per channel and the bit rate<£ B,/ R, = B,T ). The first step is to construct

a model describing the effect of dispersion. Since the dispersion causes an optical pulse
to spread in time, it can be modeled as a multipath effect.

At the receiver, there are two noise sources that affect the decision statistics used
to evaluate the receiver sensitivity. The first is the thermal noise generated from
electronic components at the receiver. The second source of noise is the result of signal
fluctuation from the current bit and neighboring bits. The former is well characterized to
be a Gaussian random process with zero mean. However, the latter is very difficult to
characterize in the presence of the intersymbol interference (I1SI) caused from the
dispersion. In the absence of ISI (dispersion), the signal fluctuation is found to be chi-
square distributed [23], [65]. The decision statistics required to evaluate the receiver
sensitivity are the receiver outputs when “1” and “0” are transmitted. The most
commonly-used approach is to assume that the corresponding probability density
functions (pdf's) are Gaussian with the calculated means and variances. However, the
Gaussian assumption is questionable when the signal fluctuation is the dominant noise
source.

Proposed in this thesis is the modification of the Gaussian approximation.
Although the decision statistic when the signal fluctuation dominates is very difficult to
find, we believe that it is better to describe the decision statistics with chi-square
distributions (as in [23], and [65]) whose parameters are approximated from the
calculated means and variances of the corresponding receiver outputs. On the other hand,
the decision statistic is approximated to be Gaussian distributed when the thermal noise
dominates. Note that the non-dominant noise source is not neglected, but it affects only
the parameters of the corresponding pdf's. The receiver sensitivity is expressed in term of

the average number of received photons pembjt required for a probability of bit error

equal tol0™°. We investigate the case of a broadband unpolarized noise source spectrally
sliced by an ideal rectangular filter. The signal is then gated on or off by a modulator
having perfect extinction ratio — no signal in the off state.

The result has shown that there is an optinmian optimumB,) resulting from

two effects: the excess beat noise and the dispersion causing ISI. In aatdjtjon,
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decreases as the dispersion increases (increase in the normalized distay)cd his

suggests that the dispersion strongly affects the performance of a SS-WDM system. The
increase in the excess beat noise is traded for the decrease in the dispersion effect. The
dependence of the optimum bandwidth on the degree of dispersion implies that a SS-
WDM system is bandwidth constrained, i.e., the optimum bandwidth depends on the
normalized distance. In a practical system, the optical bandwidth per channel needs to be
carefully chosen to optimize the system performance. The chosen bandwidth depends on
the transmission distance and the operating bit rate, which varies among systems.

Unlike a laser-based system, the optical bandwijttof a SS-WDM system is
usually much larger than the operating bit rRte However, the dispersion length, is

defined from the case where the source spectral width is negligibly small, compared to

the bit rate. Therefore, it should be more beneficial to normalize the dispersion lgngth
by m, which results in an effective normalized distamegz/ L, . The results as a
function of the effective normalized distanoe /L, indicate that the optimum receiver

sensitivity N and the corresponding,,, approach infinity and zero, respectively, as

p,opt
the effective normalized distaneelx/ L, approaches unity.

In practical consideration, our analysis also shows that the penalty in the receiver
sensitivity increases (becomes poorer) with the transmission distance for a given bit rate.
In addition, for a given penalty, the transmission distance is shorter as the bit rate is
higher. This limits the applications of SS-WDM systems employing single-mode optical
fibers. For a bit rate of the order of 1 Gb/s with 3-dB penalty in the receiver sensitivity,
the maximum transmission distance is only of the order of a hundred km. Therefore, it
can be concluded that SS-WDM systems with single-mode fibers are not suitable for
high-speed long-haul lightwave systems. However, they can be an alternative for
expensive laser-based WDM systems in high-speed short-haul lightwave systems, such as

local access networks.

5.2 FUTURE WORK

In our model, ideal components are used, such as a perfect-extinction-ratio

modulator and a rectangular bandpass filter. However, the components in a practical
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system differ from those used in our model. Imperfect extinction ratio causes the signal to
exist when the modulator is in the off state — the modulator is not completely turned-off

in the off state. The transmission passband of an actual WDM multiplexer does not have
sharp cut-off characteristic. Therefore, there is an additional interference from

neighboring channels, which is called interchannel interference (ICI), and the dispersion
might affect the system performance differently from that presented in this analysis. It
would be interesting to model practical components and to analyze the effects of
imperfections inherent in these components. The results should be more accurate than our
result and they would provide us deeper understanding of SS-WDM systems. When a
single channel is considered, the results can be used to verify the relation between the

optimum receiver sensitivitiN , . and the corresponding,,, and the effective

normalized distancen(Z/ L, . In addition, this thesis does not include any simulations. It

should be useful to simulate a system employing actual components. The results obtained
from the simulation could then be used to confirm the assumptions used in the theoretical

analysis.
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