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Abstract

Optical communications networks are an essential part of the world wide telecommunica-
tion infrastructure. The number of users of present and future telecommunication services
like Internet, web browsing and tele-education will increase dramatically. As a consequence
there is an imminent demand for broadband and high capacity communication systems. A
promising solution is the concept of all-optical networks. Major research efforts in areas
such as photonic integration and semiconductor technology, among others, are currently
directed toward the development of key components that will enable the construction of
all-optical networks.

This thesis addresses the performance analysis of optical networks. Theoretical models are
presented for a number of digital optical systems in the context of all-optical networking.
The models account for the influence of significant noise arising from performance imper-
fections of optical devices that comprise an all-optical network. Modeling, apart from being
applied to the performance assessment, gives insights into how to optimally operate the sys-
tem so that a certain level of reliability is assured. The validity of the developed models has
been confirmed by relevant experimental measurements.

The main results of this thesis are as follows. Firstly, an accurate statistical description
of filtered interferometric crosstalk is presented. Secondly, phase scrambling to reduce the
effect of crosstalk in wavelength division multiplexing networks is theoretically investigated
and experimentally assessed. Thirdly, original research on optically preamplified receivers,
phase noise analysis, and scalability of optical networks is presented. Finally, based on
theoretical and experimental studies, this work gives a series of recommendations on how
to select the optimal operating regime for systems employing phase scrambling to reduce
interferometric crosstalk.



Samenvatting

Optische communicatie netwerken zijn een onderdeel van de wereldwijde telecommuni-
catie infrastructuur. Het aantal gebruikers van bestaande en toekomstige telecom diensten,
zoals internet, web browsing en teleonderwijs, zal zeer sterk toenemen. Dit betekent voor
de toekomst een zeer grote stijging van de vraag naar communicatie systemen met een hoge
capaciteit en bandbreedte. Een veelbelovende oplossing wordt gezien in de ontwikkeling
van communicatie netwerken die volledig optisch zijn. Tegenwoordig wordt veel onderzoek
verricht naar nieuwe materialen en bouwstenen voor implementatie in het optische domein
van deze netwerken.

Dit proefschrift behandelt de prestatie analyse van optische communicatie systemen. Bin-
nen de context van optische netwerken zijn diverse modellen voor digitale optische sy-
stemen ontwikkeld. Ruis afkomstig van bouwstenen, een typerende voorbeeld daarvan is
optische overspraak, tast de prestatie van optische communicatie systemen aan. De mo-
dellen zijn bestemd voor het analyseren van het nadelige effect van ruis. Modelering is niet
alleen van belang voor de prestatie analyse, maar het geeft ook inzicht in de optimale keuze
van de parameters opdat een gewenst niveau van betrouwbaarheid gegarandeerd wordt. De
juistheid van deze modellen is bevestigd door experimentele resultaten.

De belangrijkste resultaten van dit proefschrift zijn: Ten eerste, een complete statistische
beschrijving van optische overspraak in systemen die gebruik maken van golflengte multi-
plexing. Ten tweede, de scrambling van de fase, om het effect van overspraak te vermin-
deren, theoretisch bestudeerd en experimenteel geévalueerd. Ten derde, innovatief onder-
zoek naar optische ontvangers met optische voorversterking, fase ruis analyse en dimen-
sionering van optische netwerken. Ten slotte worden een reeks van aanbevelingen gedaan
betreffende het optimaal gebruik van fase scrambling om optische overspraak te vermin-
deren.
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Chapter 1

General Introduction

The growth of telecommunications is expected to continue, spurred on by several factors,
including the globalization of the world economy, the strong dependence of modern indus-
try and society on telecommunication and information systems, and the public demand for
access to information. Indeed, the continuous and increasing demand for high information
capacity systems assures the presence of fiber optical communication systems in the infor-
mation era.

Although optical communication by use of fire, smoke, semaphore flags and optical tele-
graphs, has long been used for information transmission, it was not until the first half of the
19th century with the invention of the telegraph, the introduction of telephony and later of
television that the infrastructure of telecommunication networks started to emerge. Soon
higher and higher transmission capacities were needed from these telecommunication net-
works. At first, twisted pair cables were replaced by coaxial cables providing a higher
transmission capacity. Other transmission media were introduced, such as microwave links
and satellite communications. Later, optical fibers were proposed as an alternative for coax-
ial cables. These optical fibers have beneficial characteristics for information transmission,
such as low attenuation and dispersion, large bandwidth, immunity to electrical noise. They
also have durability, flexibility, and soon became a key part of the telecommunication net-
work infrastructure.

The area of optical fiber communication has undergone a rapid technical development. This
is mainly due to a combination of innovations in semiconductor, optical waveguide, and
photonic integration technology. Today, throughout the world, telecommunications opera-
tors use optical fibers for transmission of information in long-distance systems, undersea
systems, local area networks, metropolitan area networks, and in access and distribution
networks.

1.1 Brief historical review

In 1966 Kao and Hockman [1] and Werts [2] suggested that if it would be possible to pro-
duce a glass fiber of sufficiently low attenuation, then optical fibers would be an alternative
to coaxial cables for information transmission. The idea is based on the fact that light can
propagate in an optical fiber by confining it in a guiding structure with different refractive
indices n;and n, as shown in Fig. 1.1.
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Optical fiber

Light
Source

Detector

Figure 1.1: Principle of optical fiber communication. The refractive index n; is larger than

Na.

Improvements in the quality of the optical fiber made possible the introduction of the first
generation of optical fiber communication in the 1970’s. These systems used laser sources
operating at the wavelength region of 800 nm. The next developmen.l has peen to operate
at 1300 nm and 1550 nm wavelengths due to superior silica fiber dispersion .and. attenu-

ation properties; the so-called second and third generation of optical com'mumcatlon sys-
tems. The development of low loss fiber of approximately 0.2dB/km and s1.ng1.e mode laser
sources has made it possible to deploy long-distance fiber optical commu.mcanon systems.

An event of major impact on the development of optical fiber commu.nicatmn was the aflvenl
of the optical fiber amplifier EDFA (erbium-doped fiber amplifier) .m .1987 [3]. The intro-
duction of the EDFA, replacing opto-electrical regeneration, revolutionized thej ﬁf:ld of fiber
optical communication, mainly because of its potential to e‘nhance the.transmlssmn length,
transparency to modulation formats, polarization insensitivity, low noise and crosstalk fmd
ease of splicing to the fiber transmission system. The fourth generation pf fiber optu.:al
communication systems uses wavelength division multiplexing (WDM).to increase the in-
formation capacity and EDFAs to extend the transmission length. The principle of WDM is
the simultaneous transmission of several signals at different wavelengths through a single
optical fiber filament. In 1996, WDM point-to-point systems were comme.rm-ally mtm(.iuced
and has become the preferred choice to expand and upgrade the traflsm'lssmn capacTty of
optical fiber transmission systems. The next generation of comrr.xumcatx'on systems.ls.ex-
pected to be based on advanced transmission techniques like optical soh.ton transml.ssmn,
novel modulation schemes, and intelligent nodes. Research on the coming gencratl_on of
optical systems is in progress both at industry and university resea.rch 'ccnte.rs. A series of
theoretical studies and experimental trials have been reported investi g'alm g dlflferent aspects
of optical soliton communication [4]. Optical neural networks are being considered for tk}e
realization of intelligent optical nodes [5, 6]. Finally, most research efforts are f_ocused in
the areas of materials, devices and technologies, which will enable the introduction of the
so-called all-optical transport networks.

1.2 All-optical networks

The transmission capacity of the current optical communications systems has been subst@-
tially enhanced in recent years. For example, by using WDM techniques systems supporting
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400 Gbits/s over a single fiber are on offer. There is an increasing demand on even larger
transmission capacity and flexibility in future optical networks. A promising solution to
this situation is the concept of all-optical networks.

Briefly, by an all-optical network is meant the combination of transmission techniques such
as WDM and optical TDM (time division multiplexing), which together with routers, op-
tical add-drop nodes, switches, crossconnects and other photonic components that allows
bit rate, flexible and reliable information transmission to be implemented entirely in the
optical domain. By using this approach transparency with respect to transmission hierarchy
or different code formats can be achieved while using common physical optical fibers and
nodes. With all these features, transparent all-optical networks are regarded as the transport
network for the growing traffic volume caused by existing and emerging communication
and information services.

Let us first briefly look at the history of all-optical networking. The idea of cross-connecting
WDM channels was reported in 1987 [7] and the development of optical routed networks
was proposed in 1988 [8]. Soon after, a series of experimental demonstrations on optical
switching and WDM networks were reported [9]. These successful demonstrations were
followed by the creation of research projects on the feasibility, management, photonic inte-
gration, and related issues of optical transparent networks [10]. A WDM cross-connected
layer was also proposed for LAN (local area network) applications [11]. Currently, photonic
networks and their enabling technologies are a hot research topic [12-14]. One area of in-

tensive activity is the opto-electronic integration of photonic devices like optical (de)multi-
plexers, optical add-drops, optical cross-connects and photoreceivers [15-17].

Within the framework of the European Commission ACTS (Advanced Communications

Technologies and Services) program, the project BLISS (Broadband Light Sources and

Systems) demonstrated the integration of an optical cross-connect on a single chip. Within

the scope of the project the routing and switching of four WDM channels employing the

new developed cross-connect chip was also demonstrated in laboratory trials. The real-

ization of a cross-connect chip supporting a larger number of channels, the study of the

scalability of cross-connected networks, and the use of techniques to reduce transmission

impairments like crosstalk all fall under the heading of the recently established research

project ACTS-APEX (Advance Photonic Experimental Cross-connect) [18]

1.3 Subject of the thesis

The subject of this thesis mainly stems from the performance analysis of optical cross-
connected networks like those investigated in the BLISS and APEX projects. The quality
of a digital communication system is usually described by how fast and reliable the informa-
tion is transmitted. The speed is given in bits per second and the reliability is measured by
the rate of correctly received (detected) bits; the error probability or also the so-called bit-
error rate (BER). The performance analysis of a communication system is mostly based on
the BER evaluation. By a proper modeling of a communication system we can effectively
assess its performance. Moreover, modeling help us to identify parameters that influence
the performance and to provide insights into how to operate the system so that a certain
level of reliability is assured.
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Firstly, this thesis covers the analysis of optical signals corrupted by phase noise. Laser
phase noise, due to the spontaneous emission of photons, affects the performance of a large
number of communication systems.

Secondly, performance analysis of optically preamplified receivers is the topic of the second
part of this thesis. Optical amplifiers are often used to amplify signals before detection, so
that a higher receiver sensitivity is achieved. Optical amplifiers introduce ASE (Amplified
Spontancous Emission) noise and are therefore often followed by an optical filter to reduce
their noise contribution. Optical filtering reduces the ASE noise but it also distorts the opti-
cal signal introducing possibly intersymbol interference (ISI). This fact suggests that there
is a tradeoff between ASE noise reduction and ISI and hence it is important to determine
the regime of optimum operation.

Finally, the subject of the third part of this thesis concerns the modeling and reduction
techniques of interferometric crosstalk in WDM networks. Interferometric crosstalk, aris-
ing from performance imperfections in optical (de)multiplexers and switching fabrics, has
proved to be a serious limiting factor for the performance of optical cross-connected net-
works. Phase scrambling as a technique to reduce interferometric crosstalk is theoretically
studied and experimentally assessed in this thesis. Additionally, performance analysis and
scalability of cross-connected optical networks is presented.

1.4 Structure of the thesis

This thesis contains three key chapters that are based on publications and papers submitted
for publication. Chapter 4 is devoted to the analysis of optical systems disturbed by phase
noise. Chapter 5 covers the performance analysis of optically preamplified, direct detection
receivers. The analysis of cross-connected optical networks is the topic of Chapter 6. The
rest of this thesis is organized as follows. First, in Chapter 2, a summary is presented of
each paper included in this thesis. Chapter 3 gives an introduction to all-optical networking.
It therefore introduces the general context of this thesis work. A list of suggested literature
is also given for the reader who may want a deeper treatment of the subject. Secondly,
Chapters 4, 5 and 6 are presented. Each of these chapters starts with an introductory section
to the topic of study. Subsequently, reprints of the papers are enclosed. Finally, Chapter 7
presents recommendations, suggestions for further work and conclusions.

Chapter 2

Summary of Original Work

The purpose of this chapter is to present a summary of the publications forming this thesis.
The problem statement, the method and the main results are shortly described.

2.1 List of papers

The following papers are included in this thesis. In the sequel they will be referred to by
their letters.

A Goran Einarsson, Johan Strandberg, Idelfonso Tafur Monroy
Error Probability Evaluation of Optical Systems Disturbed by Phase Noise and
Additive Noise
IEEE/OSA J. Lightwave Technol., September 1995, Vol. 13, No. 9, pp. 1847-1852.

B Idelfonso Tafur Monroy and Gerard Hooghiemstra
On a Recursive Formula for the Moments of Phase Noise
IEEE Trans. Comm., Submitted for publication.

C Idelfonso Tafur Monroy and Géran Einarsson

Bit Error Evaluation of Optically Preamplified Direct Detection Receiver with
Fabry-Perot Optical Filters

IEEE/OSA J. Lightwave Technol., Vol. 15. No. 8, pp. 1546-1553, Aug. 1997.

D Goran Einarsson and Idclfonso Tafur Monroy
Error Rate Analysis of Optically Preamplified Receivers with Fabry-Perot Op-
tical Filter and Equalizing Postdetection Filtering
Journal of Optical Communications, Submitted for publication.

E Idelfonso Tafur Monroy

On Analytical Expressions for the Distribution of the Filtered Output of Square
Envelope Receivers with Signal and Colored Gaussian Noise Input
IEEE Trans. Comm., Submitted for publication.

F Idelfonso Tafur Monroy
An Optically Preamplified Receiver with Low Quantum Limit
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Partially presented at 1998 IEEE/LEOS Benelux Symposium, Nov. 26, 1998, Gent,
Belgium, pp. 197-200.

G Idelfonso Tafur Monroy and E. Tangdiongga . .
Performance Evaluation of Optical Cross-Connects by Saddlepoint Approxima-
tion
IEEE/OSA J. Lightwave Technol., Vol. 16, No. 3. pp. 317-323, March 1998.

H Idelfonso Tafur Monroy . - .
Statistical Analysis of Interferometric Noise in Optical ASK/Direct Detection
Systems
Syben’98, Zurich, Switzerland, May 18-22, 1998, pp. 178-182.

I Idelfonso Tafur Monroy, E. Tangdiongga, R. Jonker, and H. de Waardt .
On the Distribution and Performance Implications of Interferometric Crosstalk
in WDM Networks
IEEE/OSA J. Lightwave Technol., Vol. 17, No. 6, pp. 989-997, June, 1999.

J Idelfonso Tafur Monroy, E. Tangdiongga, and H. de Waardt .
Performance of Optically Preamplified Receivers in WDM Systems Disturbed
by Interferometric Crosstalk o
Photonic Network Communications, Submitted for publication.

K Idelfonso Tafur Monroy, E. Tangdiongga, H. de Waardt
Interferometric Crosstalk Reduction in Optical WDM Networks by Phase Scram-
bling o
IEEE/OSA J. Lightwave Technol., Submitted for publication.

L Idelfonso Tafur Monroy, I. Siffels, H. de Waardt and H. J. S. Dorren
Scalability of All-Optical Networks: Study of Topology and Crosstalk Depen-

dence
Syben’98. Zurich, Switzerland, May 1 8-22, 1998, pp 201-207.

M H.J.S. Dorren, H. de Waardt, and Idelfonso Tafur Monroy
How Does Crosstalk Accumulate in WDM Networks?
IEEE/OSA J. Lightwave Technol., Submitted for publication.

N Idelfonso Tafur Monroy o
Scalability of Optical Networks: Crosstalk Limitations
Photonic Network Communications, Submitted for publication.

2.2 Description of the papers

In Chapter 4

Paper A: Error Probability Evaluation of Optical Systems Disturbed by Phas.e Noise and
Additive Noise. This paper presents a direct and efficient method for the evaluation of thej er-
ror probability of optical heterodyne receivers in the presence of phase noise. The analysis is
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based on a power series expansion of the filtered phase noise. A closed form expression for
the statistics of the receiver decision variable is derived, including shot noise and receiver
thermal noise. Error probabilities are computed using the saddlepoint approximation. The
optimal prefilter bandwidth for the phase noise rejection can easily be determined.

Contributions by the author of this thesis: 1) The theoretical part on DPSK (Differential

Phase Shift Keying) system together with G. Einarsson. 2) Numerical computations for the
DPSK receiver.

Paper B: On a Recursive Formula for the Moments of Phase Noise. This paper derives
a simple recursive formula for the moments of phase noise, for both its real and imagi-
nary part. In fact, the recursion is valid for any integral of a properly chosen function of
Brownian motion. It also gives the moments for any arbitrary starting value. Approximate
probability density functions can be found through a maximum entropy approach or an or-
thogonal polynomial series expansion. Moments may also be used for the calculation of
error probabilities by Gaussian quadrature rules.

Contributions by the author of this thesis: 1) The applications section. 2) All numerical
computations.

The mathematical derivation was done by G. Hooghiemstra.

In Chapter 5

Paper C: Bit Error Evaluation of Optically Preamplified Direct Detection Receiver with
Fabry-Perot Optical Filters. This paper presents the performance analysis for an optically
preamplified, direct detection receiver using a Fabry-Perot optical filter. A closed form ex-
pression is derived for the moment generating function (MGF) of the decision variable. The
standard quantum limit is computed by exact analysis, using the derived MGF, and also by a
Gaussian approximation. The optimum value of the optical filter bandwidth bit-time prod-
uct is determined while the postdetection filter is considered to be an integrate-and-dump
filter.

Contributions by the author of this thesis: 1) The theoretical part of the paper. 2) All nu-
merical computations.

The section on the Gaussian approximation was introduced by G. Einarsson.

Paper D: Error Rate Analysis of Optically Preamplified Receivers with Fabry-Perot Op-
tical Filter and Equalizing Postdetection Filtering. This work expands the analysis of the
previous paper by considering a modified integration interval of the postdetection filter, as
well as an equalizing postdetection filter. Performance enhancement can be achieved in
this way. By using the simple Gaussian approximation, bounds on the error probability are
proposed for a more general case of optical and electrical filtering.

Contributions by the author of this thesis: Extension of the theoretical part of the previous
paper by G. Einarsson together with the author.

Numerical computations on the modified integration and equalizing receiver were done by
G. Einarsson.
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Paper E: On Analytical Expressions for the Distribution of the Filtered Output .of Squar.e
Envelope Receivers with Signal and Colored Gaussian Noise Input. The analysis of OP[I-
cally preamplified receivers constitutes an example of the classical problem in communica-
tion theory of determining the statistics of the filtered output of square envelope receivers. In
this paper we derive closed form expressions for the MGF of the filtered output of a squared
envelope receiver with colored Gaussian noise input. The Gaussian processes considered
are: the Wiener process, a Gaussian process with linear covariance (moving average), and
the Ornstein-Uhlenbeck process. The derived MGFs are then applied to the problem of
finding the quantum limit for optically preamplified, direct detection receivers.

Paper F: An Optically Preamplifed Receiver with Low Quantum Limit. Optical amplifiers
prove to efficiently enhance the receiver sensitivity of optical communication systen_ls.. 'In
optical communications it is common practice to compare the systems ultimate sensitivity
in terms of the quantum limit. The standard quantum limit is defined as the average number
of photons per bit in the optical signal needed to achieve a bit-error probability of 10~°
assuming ideal detection conditions, which for a preamplified receiver means that a large
amplifier gain is assumed. In this paper we first summarize the results on the quantum
limit for different optically preamplified, OOK/DD receivers found in the literature. Sl.lb-
sequently, we present a receiver scheme that is expected to outperform previously studied
configurations.

In Chapter 6

Paper G: Performance Evaluation of Optical Cross-Connects by Saddlepoint Approxi-
mation. An accurate and numerically simple statistical method is introduced to analyze
crosstalk in cross-connected networks. It is the so-called saddlepoint approximation that
makes use of the MGF for the receiver decision variable. Experimental results using a sys-
tem with a directly modulated light source yielded results that are in good agreement with
the theoretical predictions. The presented model accounts for crosstalk statistics (arc-sine
distribution), linear random polarization, data statistics, non-perfect extinction ratio, and
receiver thermal noise.

Contributions by the author of this thesis: 1)The theoretical part of the paper. 2) All simu-
lations and numerical computations.

Experiment performed by E. Tangdiongga.

Paper H: Statistical Analysis of Interferometric Noise in Optical ASK/Direct Detection
Systems. Interferometric crosstalk affects a variety of optical communication systems.
(frosslalk may arise from reflections, Rayleigh scattering, and performance imperfections
of components like optical switches and (de)multiplexers both in OTDM and WDM sys-
tems. This paper presents a performance analysis of interferometric noise based on the use
of the MGF for the receiver decision variable together with the saddlepoint approximation.

Paper I: On the Distribution and Performance Implications of Interferometric Crossta{k
in WDM Networks. It has been experimentally observed that the effect of interferometric
crosstalk is more severe in systems employing externally modulated light sources than in
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those using directly modulated diode sources. This paper derives an accurate statistical de-
scription of filtered interferometric noise. Statistical moments are derived that account for
the relationship between the source spectral bandwidth and the electrical filter bandwidth.
It is this relationship that explains why systems with directly modulated sources (having a
broad spectrum due to chirping) incurred smaller power penalties due to filtered interfero-
metric crosstalk than systems employing externally modulated sources (having an spectrum
mainly determined by the modulation rate). Experimental data from systems employing
both types of modulation for the light source confirm the theoretical model.

Contributions by the author of this thesis: 1) The theoretical part of the paper. 2) All simula-
tions and numerical computations. 3) Experiment performed together with E. Tangdiongga
and H. de Waardt.

Paper J: Performance of Optically Preamplified Receivers in WDM Systems Disturbed
by Interferometric Crosstalk. Optical amplifiers are commonly used as preamplifiers to
enhance receiver sensitivity. This paper investigates, both theoretically and experimen-
tally the performance of optically preamplified receivers in the presence of interferometric
crosstalk. The theoretical model accurately incorparates the statistics of filtered interfero-
metric crosstalk and the non-Gaussian statistics of detected amplified spontaneous emission
(ASE). The main result is that optical preamplification does not enhance the system toler-
ance toward interferometric crosstalk. Moreover, it introduces additional power penalties
due to crosstalk-spontaneous emission beat noise contributions. The theoretical results and
experimental measurements for power penalties, for systems employing directly and exter-
nally modulated light sources, are found to be in good agreement.

Contributions by the author of this thesis: 1) The theoretical part of the paper. 2) All simula-
tions and numerical computations. 3) Experiment performed together with E. Tangdiongga
and H. de Waardt.

Paper K: Interferometric Crosstalk Reduction in Optical WDM Networks by Phase Scram-
bling. Optical networks impose strict requirements on the crosstalk level for the components
involved in the optical nodes. For instance, a crosstalk level better than -35 dB has to be
used to incur power penalties less than 1 dB even when a small number of crosstalk interfer-
ers are present. This still is a stringent requirement for the performance of state-of-the-art
integrated optical cross-connects. In order to allow WDM networking while making use of
presently available integrated optical components, phase scrambling is proposed as a tech-
nique to mitigate interferometric crosstalk. By modulating the phase of the signals with a
noise source, the crosstalk noise power is redistributed to frequencies outside the electrical
receiver bandwidth. In this way, a significant part of the crosstalk noise power is filtered out
by the postdetection electrical filter.

This paper presents a study of interferometric crosstalk reduction by phase scrambling. A
theoretical model is developed that includes the effect of phase noise to intensity noise con-
version by chromatic dispersion during propagation. It is experimentally demonstrated that
by using phase scrambling a network tolerance toward crosstalk is significantly enhanced.
Moreover, by properly selecting the parameters for phase scrambling the effect of disper-
sion during transmission may be kept reasonably low. For instance, power penalties smaller
than 1 dB for crosstalk values up to -18 dB are measured in a 2.5 Gbit/s link of 100 km of
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standard single mode fiber (SSMF). Power penalties smaller than 2 dB for crosstalk values
up to -15 dB and -16 dB are measured after transmission over 100 km and 200 km of SSM
fiber. This corresponds to an enhancement of the system tolerance to crosstalk of 7dB and
5.3 dB, respectively. This result proves the feasibility of optical networking in a LAN/MAN
domain while tolerating the relatively high crosstalk levels of the present integrated optical
cross-connect technology.

Contributions by the author of this thesis: 1) The theoretical part of the paper. 2) All simu-
lations and numerical computations.

Experiment performed by E. Tangdiongga, R. Jonker and H. de Waardt.

Paper L: Scalability of All-Optical Networks: Study of Topology and Crosstalk Depen-
dence. In this paper, the influence of inband crosstalk on the error performance of all-optical
networks with different topologies is studied. A statistical crosstalk model is used for eval-
uating the bit-error rate. We show that there is a delicate relationship between the network
topology and crosstalk accumulation. We show also that it is possible to select the network
topology with the best performance with respect to crosstalk accumulation from among sev-
eral topologies. The criterion for the comparison is the bit-error rate of the largest shortest
transmission path (LSTP) in the network. A LSTP criterion means that we consider the set
of shortest paths between any pair of nodes in the network. We select from this set the path
that traverses the greatest number of cross-connect nodes.

Contributions by the author of this thesis: 1) The theoretical system model. 2) Numerical
computations for a preamplified receiver.

J. Siffels, H. de Waardt and H. J. S. Dorren initiated this work.

Paper M: How Does Crosstalk Accumulate in WDM Networks? The analysis of optical
networks with respect to crosstalk presented in the previous paper is continued and ex-
tended. Instead of using the largest shortest optical path as a criterion, a statistical approach
is applied to study the network performance. In this way, the obtained results are made
more independent of the particular lay-out studied, allowing us to draw conclusions about
the performance of large generic classes of optical networks. The study shows that there is
a trade-off between network connectivity, number of nodes, and robustness with respect to
inband crosstalk.

Contributions by the author of this thesis: The statistical modcl for crosstalk.

H. de Waardt and H. J. S. Dorren initiated this work.

Paper N: Scalability of Optical Networks: Crosstalk Limitations. This paper presents a
simple model for the performance analysis of optical networks with regard to linear opti-
cal crosstalk and accumulated spontaneous emission noise. Both inband and interchannel
crosstalk are considered. Based on the proposed method we evaluate the requirements im-
posed on the devices for scalable optical networks. Scalability with respect to the numbers
of nodes, number of input fibers to a node, and number of channels per fiber is studied. We
observe that in the presence of accumulated ASE noise the requirements placed on crosstalk
isolation of optical switches become more stringent.
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2.3 Main results

This thesis is based on a set of articles submitted for publication and articles already pub-
?ished in journals and conference proceedings. Naturally, some parts of the material appear
in more than one article. This is due to the fact that some of the included articles treat
the same subject and subsequently present progress beyond a previous paper. In this case,
sections such as introduction and method may be repeated. This section outlines the main
results presented in the included papers, pointing out the main contributions of this thesis.

The contributions of this thesis are as follows:

® I.’aper A: A direct and efficient method is provided for phase noise analysis in op-
tical heterodyne systems. The method is based on the saddlepoint approximation,

which makes use of the moment generating function (MGF) for the receiver decision
variable.

Paper B: A recursive formula is given for the moments of phase noise in communi-
cations systems.

Paper C A closed form expression is given for the MGF of the decision variable of
an optically preamplified direct detection receiver. The MGF implicitly incorporates
a Fabry-Perot optical filter. The MGF is used for the performance analysis.

Paper D: A complete analytic solution is provided for the analysis of optical receivers
with a Fabry-Perot optical filter and equalizing postdetection filtering. Based on the
results of Paper C the performance analysis of optical receivers is expanded to ac-
count for arbitrary optical and postdetection filtering.

Paper E: Closed form expressions are derived for the MGF of the filtered output of
square envelope receivers with signal and colored Gaussian noise input. The Gaussian

processes considered are the Wiener process, a process with linear covariance, and the
Onrstein-Uhlenbeck process.

e Paper F: An optically preamplified receiver with low quantum limit is proposed. The
prop9sed receiver scheme outperforms previously studied receiver configurations.
Special comments on this paper are given in Sec. 5.3.

e Paper G: A simple numerical method is developed for assessing the performance of
optlc_al cross-connects that are disturbed by optical crosstalk. The method is based on
a derived MGF for the decision variable which account for multiple sources of optical
crosstalk.

e Paper H: A statistical method is given for the analysis of interferometric noise in opti-
f:al ASK/direct detection systems. This method is an extension of the work presented
in paper G to the case of interferometric noise in general.

° P.aper I: A complete statistical description of filtered interferometric crosstalk is pro-
vided. The main result is the implicit incorporation in the model of the relationship
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between the optical bandwidth of the signal and the bandwidth of the postdetection
filter. The interferometric delay is also taken into account. Experimental results have

shown good agreement with theory.

Paper J: An accurate model is described for the performance of optical receivers in
the presence of both amplified spontaneous emission noise and optical crosstalk. The
theoretical results are confirmed by experiments.

Paper K: A complete assessment is given, theoretically and experimentally, gf crosstalk
reduction by phase scrambling in WDM networks. There is a demonstration .of the
feasibility of optical networking in a LAN/MAN environment while dealing with the
relatively high crosstalk values of cross-connects with the state-of-the-art technology.
The theoretical framework is partially based on the results of paper L.

Paper L: A study is made of the scalability of optical networks with respect to op-
tical crosstalk and network topology. A largest shortest transmission path (LSTP) is
considered for the comparison of the performance of different topologies. By aLSTP
criterion is meant that we consider the set of shortest paths between any pair of nodes
in the network. We select from this set the path that traverses the greatest number of
cross-connect nodes.

Paper M: A study is made of the accumulation of crosstalk in optical networks. This
work is related to the work in paper L in the sense that instead of a LSTP criterion a
statistical average over all possible paths is used for the performance analysis.

Paper N: A simple model is given for the performance analysis of optical networks
with regard to linear optical crosstalk (inband and interband) and accumulated spon-
taneous emission noise. A simple model is presented for determining the amount of
interband crosstalk in WDM systems. This model incorporates results obtained in

papers I and L.

Chapter 3

All-Optical Networks

All-optical networks are considered to be a promising solution for the increasing demand
for bandwidth and flexibility in future communications networks. The concept of opti-
cal networks can be described as networks in which signals are transported, switched, and
routed entirely in the optical domain with electro-optical conversion taking place only at
the borders of the network. The use of photonic switching solves the current limitations of
electronic switching to cope with higher and higher optical transmission speeds. Such op-
tical network can be made transparent to data rate, are flexible and are particularly suitable
for bulk transport of broadband signals and services [10]. At present, much research effort
is focused on the development, optimization, and photonic integration of key components
to enable the introduction of all-optical networks.

This chapter is intended as an introduction to optical networking. Firstly, we analyze the
node functionalities in an all-optical network. The evolution path from the present WDM
networks towards optical cross-connected networks is also discussed. Secondly, we de-
scribe several performance limiting factors in all-optical networks. At this point we will
have introduced the general context of this thesis. The study, for instance, of limitations
due to interferometric crosstalk is the subject of Chapter 6. Finally, a list of suggested liter-
ature is also given for the reader who may want a more extensive treatment of fiber optical
communications and optical networking.

3.1 Building blocks

Optical transmitters and receivers

Sources of optical signals and optical detectors are key components of an optical network.
Optical transmitters usually incorporate laser diodes. Transmitter modules generate optical
signals at wavelengths given by the operator or at standard wavelength specifications. The
main requirements for these modules are wavelength stability with time and temperature,
ease of control of the laser module, low cost, manufacturability, and reliability. The data to
be transmitted are conveyed in the optical signal by modulating the light source either di-
rectly or by using an external modulator. At the receiver end, optical networks employ high
sensitivity photodetectors together with adequate amplification and electrical processing to
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provide the best recovery of the transmitted data.

Optical multiplexing

The bandwidth of a transmission medium can be more effectively used by means of mul-
tiplexing techniques. This also applies for optical communications. One method of opti-
cal multiplexing is optical time division multiplexing (OTDM). The principle of OTDM is
based on the bit interleaving of /N independent RZ (return-to-zero) format channels operat-
ing at a certain bitrate. The aggregate data rate is equal to /V times the data rate of each of the
tributary channels. Another common multiplexing technique is wavelength division multi-
plexing (WDM). In WDM channels on different wavelengths are multiplexed into a single
optical fiber. In this way the bandwidth of the fiber is more effectively exploited by dividing
it into non-overlapping spectral bands. Both WDM and OTDM are interesting techniques
for expanding the capacity of optical transmission systems. There are other multiplexing
techniques like CDMA (code division multiplex access). The optical networks analyzed in
this work use WDM as the optical multiplexing method. We will therefore focus on WDM
systems.

Optical add-drop multiplexers

The optical add-drop multiplexer (OADM) performs the function of extracting (drop) and/or
inserting (add) wavelengths (carrying an information channel) from an optical link. The
schematic diagram of an OADM is presented in Fig. 3.1. The OADM in Fig. 3.1 allows ex-
traction and insertion of different information channels using the same wavelength carrier
(at wavelength \;) while the remaining multiplexed channels are left unaltered. OADMs
enhance the flexibility of optical networks. There are other functionalities that may be per-
formed by OADMs, e.g., signal routing, dispersion accommodation, processing of optical
channel layer information, and optical signal monitoring, etc. If wavelength conversion is
also used, then more advanced functionalities like cross-connecting can also be performed
by an OADM [19].

Optical cross-connects

Optical cross-connects are an essential element of future optical networks, enabling high
speed data switching and network flexibility. An optical cross-connect will perform func-
tionalities like: signal demultiplexing, (non)blocking switching, signal equalization and
amplification, add-drop functionalities, and wavelength conversion. Roughly speaking, op-
tical cross-connects are intended to perform the same function as that of electronic digital
switches in telephone networks. A schematic diagram of such an optical cross-connect is
given in Fig. 3.2. There are other possible configurations for OXC like the one investigated
in the MWTN project [10].
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Figure 3.1: Optical add-drop multiplexer. The signals carried by A} are different from those
carried by \4.

Network management

Network management is an important aspect of all-optical networking. The area of man-
agement for the all-optical networks has received much attention and is full of research
challenges. New techniques for effective and low cost parameter monitoring are under de-
velopment [20-22]. Management strategies are also being considered and evaluated by
several researchers [23]. Monitoring and management of all-optical networks is also a mat-
ter of discussion in standardization bodies [24, 25].

3.2 Evolution path towards all-optical networking

WDM point-to-point systems

Wavelength division multiplexing is already being introduced for point-to-point transmis-
sion. WDM technology is the preferred choice for upgrading fiber transmission systems to
higher capacities. Figure 3.3 schematically presents a WDM point-to-point system. In a
WDM point-to-point system, signals originating from different destinations (possibly, with
different data formats) are fed into an optical transponder where each signal is now emitted
on a different wavelength. After multiplexing, all the channels are coupled into the fiber
for transmission. Erbium-doped fiber amplifiers (EDFA) are used to boost the signal (all
wavelengths simultaneously). EDFAs are also used as in-line amplifiers to compensate for
fiber loss and as preamplifiers for receiver sensitivity enhancement. At the receiver end, the
signals are demultiplexed and subsequently converted to the electrical domain.

WDM transmission, together with the use of EDFAs (which allow for multichannel ampli-
fication) significantly increase the capacity of long-distance communication systems.



16 All-Optical Networks

Power
Equalizers _Space
with Switches

Monitors
Wavelength e
Division — Wg\{\ﬁﬁggth
Demultiplexers -~ :Mi —-T\\\ Multiplexers
: e B -

Optical

Optical Amplifiers

Amplifiers

i Optical
. i | Wavelength Wavelength
L Converter Converter
A A v
Optical Local Area Network
J |
SNSRI o - v%%%'“w
. < 3
e '
Network Netwprk
Transmitter Receiver
Units Units

Digital Cross-Connect

Figure 3.2: Schematic diagram of an optical cross-connect.
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Figure 3.3: WDM point-to-point transmission system.

All-optical Networks

The structure of a telecommunication transport networks is usually divided in three levels:
national, regional, and local (see Fig. 3.4). Operations like as signal routing and switching
are performed in the electrical domain in each node. With the increase of transmission rates
in the optical links, the nodes will be more likely to become electronic bottlenecks. In order
to overcome the speed limitations of electronic switching, optical cross-connects (OXC) us-
ing fast photonic switching have been proposed. If the nodes in the present optical transport
networks (see Fig. 3.4) are replaced by OXCs, and moreover with the use of transmission
techniques such as WDM and optical TDM, we will then have an optical transport network
supporting high bit rates, flexibility and reliable information transmission entirely in the
optical domain. By using this approach transparency with respect to transmission hierarchy
or different code formats can be achieved while using a common physical layer like optical
fibers and nodes. This scenario is what is referred to as all-optical networking.

The evolution path from the present point-to-point WDM system to all-optical networks is
a much discussed topic. There are different visions, interpretations, assumptions and opin-
ions on the subject. However, it is expected that the introduction of all-optical networking
into the telecommunication structure will take place in stages. It is expected that WDM
technology will soon make an entrance in broadcast and select networks such as LANs and
MANSs. In wavelength routed networks the most visible first step is the implementation of
optical self-healing rings. Next, cross-connected networks may follow, with all the above-
mentioned properties and functionalities.

Obviously, before introduction, all-optical networking will have to offer attractive cost lev-
els for delivering bandwidth and services. Furthermore, the all-optical networking enabling
technology has to prove reliable and futureproof.
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3.3 Enabling technologies 19

3.3 Enabling technologies

The successful implementation of all-optical networks lies in the performance of critical
components. The building blocks of the all-optical networks include tunable and multi-
channel sources, tunable and multichannel receivers, optical amplifiers, dispersion com-
pensation, wavelength (de)multiplexers, switches, circulators, isolators, and other devices.
Researchers in the area have explored different technologies and materials for the fabri-
cation of key optical components. Recently, important advances have been made in the
development of components for routing and switching, and in photonic integration of opti-
cal cross-connects [15,26]. An introduction to some basic components for WDM networks
is presented in [27]. Below we present a short description of the main technologies that
enable all-optical networking.

Light sources and receivers

Light sources for WDM systems can be divided into fixed wavelengths and tunable types.
In the first class, there is a commercial available solution, namely, a set of DFB laser diodes
with fixed wavelengths. Tunability is a desirable property for light sources. Tunability al-
lows a laser to operate in different channels in a potentially very wide range of wavelengths.
Intensive research is being done to develop wavelength tunable laser diodes. A review on
tunable laser diodes is given in [28]. The integration of multi-wavelength transmitters is
reviewed in [29]. The integration of multi-wavelength receivers has recently received much
attention [17]. For example, one technical approach is based on a PHASAR (phased array)
demultiplexer in InP with monolithically integrated pin photodetectors. This work is part
of the ACTS research project APEX.

Optical amplifiers

Optical amplifiers allow for the direct amplification of light, without the need for optical-
to-electrical conversion. Two main types of optical amplifiers are developed for used in
telecommunications, namely the erbium-doped fiber amplifier (EDFA), based on silica fiber,
and semiconductor optical amplifiers (SOA). The EDFA, in particular, has proved to be a
key component enabling the development of optical networks. Optical amplifiers com-
pensate for losses, allow for multichannel amplification, and they are transparent to signal
format and bit-rate. Optical amplifiers provide high gain over wide bandwidth (approxi-
mately 4 THz).

EDFAs operate at the wavelength region of 1550 nm. At present, research is being done on
the possibility of extending the wavelength amplification region to 1330 nm and 1600 nm.
The reason is to provide amplification for a larger number of channels, thus lifting the ca-
pacity restrictions imposed by the limited amplification window. Three rare-earth materials
are currently being studied as potential dopants for 1300-nm amplification: praseodymium,
dysprosium, and neodymium [30]. The 1600-nm wavelength region is expected to be ex-
ploited by the use of Raman amplifiers.

Semiconductor amplifiers have demonstrated good performance in the wavelength region
of 1300 nm. In WDM networking SOAs have been applied in the fabrication of devices for
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Filter shape Temperature d$/dX\ ddB/dA

dependence

Fiber  Bragg | Excellent High High Mediumy

grating (= 10pm/°C), ‘

Dielectric filter | Very good Low High; High
(= 1pm/°C)

Arrayed OK; High Low Low

waveguide (= 10pm/°C)

Table 3.1: (De)multiplexing performance comparison (From [33]). (1) Can be im-
proved.(2) Needs temperature control. (3) Allows incremental upgrade. (4) Depends on
design. d$/\: Dependence of cost on wavelength count.

wavelength conversion and optical switching. SOAs have proved to be a key component for
the upgrade of the 1310-nm transmission systems [31].

Dense WDM (de)multiplexer

Wavelength multiplexing allows for a more efficient way of exploiting the vast bandwidth
of the optical fiber. There are three main options of technology for WDM (de)multiplexing.
First, we have dielectric filters, based on the interference effect created by a stack of thin film
layers deposited on a glass substrate. This type of filters appears to have low temperature
dependence, low loss and to be cost-efficient for a number of channels, approximately up
to 16 channels.

Second, there is the arrayed waveguide grating (AWG) or PHASAR. PHASAR demulti-
plexers are based on the interference effect between different waveguides of progressively
longer optical path lengths. Signals of different wavelengths coming into an input port will
be routed to a different output port. PHASARSs have proven suitable for (de)multiplexing
large numbers of wavelengths. A PHASAR with N x N number of inputs-output ports
can manage a maximum of N? connections. It is an integrated device and has the potential
of being produced at low cost and with improved characteristics, like a flatter filter shape
and low losses. A review of PHASAR technology for WDM applications is found in [32].
The third technology is based on fiber Bragg gratings (FBG). (De)multiplexers made from
FBG exhibit excellent filter shapes. However, manufacturing complications are encountered
when the number of wavelengths increases, and with temperature dependence. In Table 3.1
a comparison of the three main options is presented.

Optical switching

Optical switching has been demonstrated using different technologies. Switches can be
grouped into three main types. First, we have opto-mechanical switches. These devices are
characterized by low crosstalk and low insertion loss. However, they are bulky and slow
compared to other alternatives. There are also micro-mechanical structures promising good
performance and small dimensions [34,35].
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Second, there are thermo-optic switches. The switching operation relies on the change of
refraction index with temperature. They are usually based on waveguides made in polymers
or silica. They are relatively slow.

The third type of switches are electro-optics switches. Their operation is based on the
change of the refractive index by an electric field. These devices are usually LiNbO; based,
and therefore they are intrinsically suitable for high-speed operation and integration [36].

Wavelength conversion

Wavelength conversion will enhance the flexibility of optical networks. Wavelength trans-
lation is attractive for failure recovery and network reconfiguration. Wavelength conversion
is also an important tool in the realization of optical packet switching [26]. In the mean
time, research is underway to clarify the benefits of wavelength conversion (allocation) in
all-optical networks. There are different technologies to realize wavelength conversion.
These include opto-electronic conversion, laser converters, coherent converter (four-wave
mixing based), and converters based on controlled optical gates. For a detailed presentation
of these technologies we refer to [37].

Photonic integration

Integrated optics has been identified as key enabler for WDM all-optical networks. Pho-
tonic integration promises to provide compact devices and modules, needed to build recon-
figurable all-optical networks of high-performance and reliability. Integration also has the
prospect of delivering modules and devices at low cost. There are already photonic inte-
grated circuit (PIC) implementations of add/drop (de)multiplexers, and cross-connects [15].
However, these devices still suffer from several performance limitations like inband crosstalk.
Further research efforts are being directed towards improved realizations of PICs.

3.4 Performance limitations in optical networks

The building blocks for all-optical networks may suffer from performance imperfections.
They may also have inherent noise sources that will limit the reach and/or performance of
all-optical networks. We will briefly discuss the most common and known limitations. One
of these impairments is linear optical crosstalk. The study of crosstalk and ways to mitigate
its effects is the subject of Chapter 6 of this thesis.

Optical amplifiers

Optical amplifiers (EDFA and semiconductor) are used to compensate for fiber and compo-
nent losses. The gain spectrum of the EDFA is not flat over the amplification bandwidth.
This may cause irregular gain levels for channels at different wavelengths, which trans-
lates into unwanted power fluctuations. Different techniques to avoid this problems have
been proposed. These include equalizing filters, host glasses with flatter spectra, and hy-
brid amplifiers [38]. The inherent amplified spontancous emission accumulates in a cascade
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of amplifiers and represents a scalability limiting factor. Therefore, special gain manage-
ment techniques should be considered when designing optical systems with cascaded am-
plifiers [10].

Fiber Nonlinearities

When the intensity of the propagating signals in a fiber is sufficiently high, nonlinear ef-
fects may occur. Nonlinearities in a fiber may result in crosstalk, distortion, and attenuation.
Nonlinearities are potential limits on the maximum power per channel, channel spacing, and
maximum bit-rate.

The two principal nonlinear effects are Four-Wave Mixing (FWM), characterized by the
generation of third harmonics, and Stimulated Raman Scattering (SRS), the transfer of
power form shorter-wavelength channels to the higher wavelength channels. FWM can
be reduced by allowing a certain amount of dispersion to destroy the phase relationship
between inter-modulation products. For SRS there is no known reduction method yet. The
study of nonlinearities in optical transmission systems is a complex task. We refer to a
recently published book [39], where a detailed treatment of the subject is given.

Dispersion in fiber

Dispersion introduces time broadening of a pulse as it propagates along a fiber. Dispersion
may lead to intersymbol interference and imposes a limit on the maximum transmission
rate. Dispersion in single mode fibers is composed of chromatic and waveguide dispersion.
The former is related to fact that the refractive index of a fiber is a function of the wave-
length. The latter is related to the waveguide characteristics such as the indices and the
particular structure of the fiber core and cladding.

There are different techniques to deal with fiber dispersion. This ranges from dispersion
shifted fibers, mid-span compensation, coding, modulation schemes to electronic equaliza-
tion. A review of dispersion compensating techniques is presented in [40].

Polarization effects

If the optical fiber is slightly birefringent, the two polarization states of the signal will have
different propagation velocity along the fiber. This will cause pulse broadening. This effect
is known as polarization mode dispersion (PMD).

PMD causes signal distortion which translates into receiver sensitivity penalties. PMD
seems to be a potential limitation to multi-gigabit transmission. Different compensation
schemes for PMD have been studied by workers in the field. The most promising technique
appears to be adaptive compensation of first order PMD. A review on polarization mode
dispersion effects on optical communication systems is given in [41].

Many components used in WDM systems exhibit varying degrees of polarization depen-
dence. The polarization dependent loss (PDL) is defined as the difference in loss between
the lowest and highest loss polarization state entering an optical element. In long systems
PDL may give rise to systems power fluctuation or fading.

In an EDFA a polarization hole burning effect may take place that depends on the amplifier
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saturation. The effect is called polarization dependent gain (PDG). PDG gain favors ASE
noise polarized orthogonal to the signal, thus resulting in a signal-to-noise ratio degradation.
There are various techniques to mitigate this problem, based on polarization scrambling of
the signal and/or depolarizing of the pump source [42, 43].

Component tolerance and aging

Optical components may have a small drift in their parameter values. The parameter values
may change with temperature and age. This means that the overall system performance
changes in time and degrades with age. Therefore systems are designed with extra margin
and tolerance towards nominal parameter deviation at the time of initial installation. There

are techniques like noise loading to measure the required margins in an optical communi-
cation system [44].

Optical crosstalk

Power leakage from other channels, at the same or different nominal wavelength carrier as
the signal channel, is referred to as crosstalk. This phenomenon has proved to be a serious
limitation in all-optical networking. The first mechanism of crosstalk is a nonlinear effect
(FWM or SRS as mentioned in a previous section) that can occur if the optical power in the
fiber is sufficiently high. The second mechanism is linear power leakage due to imperfect
crosstalk isolation of optical devices like switching fabrics and (de)multiplexers. Linear
crosstalk can be classified as inband or interband crosstalk, depending on whether it has the
same nominal wavelength as the desired signal or not. The effect of interband crosstalk can
be reduced by concatenating narrow-bandwidth optical filters. Inband crosstalk, however,
cannot be removed as the signal and the crosstalk operates at the same wavelength. The
detrimental effect of inband crosstalk is further intensified in cascaded optical nodes due to
its accumulative behavior. A further classification can be made regarding whether the in-
terferometric delay time is shorter or longer than the light source coherence time; coherent
and incoherent crosstalk, respectively. It should be noted that there are differences in ter-
minology and denomination in the literature when referring to different types of crosstalk.
Chapter 6 of this thesis studies the effect of inband crosstalk on the performance of optical
systems in detail.

3.5 Further reading

An introduction is given in [45] on lightwave communication, which presents a mathemati-
cal approach to the performance analysis of optical communication systems from the signal
theory point of view. Fiber communication systems and the physics of their comprising
components are comprehensively explained in [46]. An introduction to optical networks
is given in [47]. Systems and technologies related to high capacity transmission are excel-
lently explained in [40]. Recent developments in optical networks and WDM technologies
are presented in [12, 14,48,49].



Chapter 4

Phase Noise Analysis

Phase noise is known to afflict a number of communication systems. For instance, coherent
and weakly optical coherent systems are sensitive to laser phase noise; see e.g., [50,51].
Optical phase locked loops [45] and analog optical links are also reported to be influenced
by laser phase noise [52]. The performance of multi-carrier orthogonal frequency division
multiplexing systems is also affected by phase noise generated by oscillators [53,54]. In
general, phase noise impairs a wide range of communication systems that use oscillators
as signal sources [55]. The statistical analysis of phase noise is a complex task. Differ-
ent approaches have been applied. Several approximation to the statistics have been in-
troduced [50, 51, 56]. The authors in [57,58] use a moment characterization, numerical
methods are used in [59], while in [50] simulation techniques are applied.

Firstly, this chapter presents a performance analysis for optical heterodyne receivers in the
presence of phase noise. Secondly, a recursive formula is derived for the statistical moments
of phase noise.

41 Phase noise model

Light from a laser suffers from phase uncertainty or the so-called phase noise. It is caused
by the intrinsic process of spontaneous emission of photons in a laser cavity. The complex
baseband model for an optical field signal is

S(t) = ;461[2"f+¢(f)+<‘00]7 @.1)

where f is the optical frequency, A is the amplitude, and ¢, is the initial phase value. The
phase noise is denoted by ¢(¢). Laser phase noise is modeled as a continuous Brownian
motion (Wiener process) [60] defined by

ot
o(t) = 27r/ n(s)ds, “4.2)
0

where n(s) is a zero mean white Gaussian noise process. The power spectral density of the
optical laser signal turns out to be the so called Lorentzian spectrum [60]. The process ¢(t)
is Gaussian distributed with zero mean and with a variance

o} = Var{g(t))} = 2rAwt,
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Figure 4.1: A realization of phase noise up to time 7.

where Av is the 3-dB Lorentzian laser linewidth (or oscillator linedwidth). Figure 4.1
presents a realization of a phase noise process, up to time 7', with a given value of the
parameter 3 = 27 Av.

4.2 Phase noise in optical system

Consider the stochastic process

-t
2 :/ ej‘i’”)dr, 4.3)
0

with ¢(7) as defined in (4.2). This process represents baseband filtering of a phase noise
that may originate from a laser source. The performance evaluation of a number of opti-
cal communication systems is mainly reduced to the problem of statistically describing the
complex process z in (4.3) [50].

Paper A presents a direct and efficient method for evaluating the error probability of optical
heterodyne receivers in the presence of phase noise. The analysis is based on a power series
expansion of the filtered phase noise. The error probabilities are computed by the saddle-
point approximation which uses the moment generating function of the decision variable.
The optimal pre-filter bandwidth for best phase noise rejection is easily determined.

In paper B a recursive formula for the moments of filtered phase noise is presented . In fact,
the recursion is valid for any integral of a properly chosen function of Brownian motion.

4.2 Phase noise in optical system

27

It also gives the moments for an i i i
. y arbitrary starting value. A ili i
functions can be found through ol o ror S e

. a maximum entropy approach or an orthogonal polynomial

series expansion. Moments may also be used for the cal i - y ma
. culati |

Gaussian quadrature rules [61]. on of error probabilities by
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Error Probability Evaluation of Optical Systems
Disturbed by Phase Noise and Additive Noise

Goran Einarsson, Member, IEEE, Johan Strandberg, and Idelfonso Tafur Monroy

Abstract—A direct and efficient method for evaluation of the
error probability of optical heterodyne receivers in the presence
of phase noise is presented. A closed form expression for the
statistics of the decision variable, including photodetector shot
noise and thermal noise from electronic circuitry, is derived.
The analysis assumes simple integrating filters in the receiver
and is based on a power series expansion of the filtered phase
noise. The error probability is calculated using a saddle point
approximation which is numerically simple and gives accurate
results. The optimal prefilter bandwidth for best phase noise
rejection is easily determined.

I. INTRODUCTION

HE DECISION variable, in complex signal notation, of
a heterodyne optical system with an envelope detector
receiver has the form

V2 =y +X? )

where ) represents phase noise and X additive noise. The
phase noise is produced by the transmitting and local oscillator
lasers. The additive noise X is photodetector shot noise
and thermal noise from the electric circuitry. For large local
oscillator amplitudes the shot noise can be modeled as additive
white Gaussian noise.

To decide on which signal was transmitted the decision
variable is compared with a threshold. If the moment gen-
erating function (mgf) of the decision variable is known the
error probability can easily be determined by the saddle point
method. We derive a closed form expression for the mgf of
[V|? in terms of the mgf for |V|? and the result is used to
calculate the error probability of different modulation schemes
for heterodyne reception.

The results also apply to direct detection systems with
optical preamplifier receiver.

II. AMPLITUDE-SHIFT KEYING

A block diagram of a heterodyne receiver for amplitude-
shift keying (ASK) is shown in Fig. 1. It contains an envelope
detector together with a bandpass prefilter and a lowpass
postfilter. We consider binary on-off intensity modulation with
rectangular pulses of amplitude A and duration 7. When the
local oscillator amplitude C' is much greater than A the output
current from the photodetector can with, proper scaling, be

Manuscript received November 16, 1994; revised May 29, 1995. This work
was supported by the Swedish Research Council for Engineering Sciences.

The authors are with the Department of Signals, Sensors and Systems,
Royal Institute of Technology, S-100 44 Stockholm, Sweden.

IEEE Log Number 9413654.

modeled as
i(t)/C = CJ2+ A cos (wnt + 0(t)) + na(t) )

where 0(t) = 62(t) —0y(t) is the difference between the phase
noise of the local oscillator and of the transmitting laser and
n1(t) is white Gaussian noise with intensity N7 = 1/2.

To simplify the analysis let the prefilter H; be a bandpass
integrator operating at the heterodyne frequency. During the
data symbol interval the prefilter output is sampled L times at

t=kT', k=1,2,...,L, generating a sequence of complex
valued stochastic variables
Vi = AVr + Xi 3)
where
1 kT )
Vo= gt e
T J—1yr

is filtered phase noise and Xy, filtered white noise, is a
complex valued, zero mean Gaussian variable. The quadrature
components of X have equal variance, in the absence of
thermal noise, equal to

o =1/T. )

The envelope detector forms the square of the magnitude
(absolute value) of V. The lowpass postfilter H» is assumed
to be a discrete time integrator producing the decision variable

i
2
= Vil©. 6
U zkE:1|L| (6)

The fact that the additive noise is white and Gaussian and that
the phase noise 6(t) is a random walk process with indepen-
dent increments makes |Vi|? a sequence of independent and
equally distributed random variables.

The probability distribution of U is related in a simple way
to the mgf of

V2= Y+ X 0]

where the factor A and the index & are temporarily omitted.
It is shown in Appendix A that the mgf of [V|? is

1 s
Trla)= 1—20%s lI’y(l — 2025) ®

where
Uy(s) = E{ exp (JYIs)} ®
is the mgf of the squared envelope |J|2.

0733-8724/95$04.00 © 1995 IEEE
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A(t) cos(wot + 0o(t))
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> 7 [ H A P H, - uze
C cos(wit + B1(t))
Fig. 1. Heterodyne ASK receiver with envelope detector. The predetector filter H; is a bandpass filter at the heterodyne frequency and the postdetector
filtler Hy is a lowpass filter.
2 Y]
TR
A cos(wyt + Bp(t))
7 s
2 Y
Ho {1 I
C cos(wit + 04(t))

Fig. 2. Heterodyne FSK receiver with envelope detectors. The predetector filters H1 and Hy are bandpass filters at the heterodyne frequencies representing
data symbols “one” and “zero,” respectively. The postdetector filters Hy are lowpass filters.

The phase noise is a continuous Brownian motion (Wiener-
Lévy) process with Gaussian statistics. The primary statistical
properties of 6(t) are easily specified but the probability
distribution of |Y|? is difficult to determine. A closed form
approximate result is obtained by expanding the integrand
€7%() in (4) in a Taylor series and keeping the first terms, [1]

N = 1 le J ,
y~y—1—ﬁl/0 0(t)dt+F>/0 o(t)dt  (10)

where the index k is dropped since all ), have the same

statistics. ~
The statistical distribution of the approximate variable )

has been determined by Foschini and Vannucci [1]. The mgf

of V)2 is

-1/2

U(s) = exp(s) [sinch\/2/%'s] an

where “sinch” denotes the hyperbolic sinc-function

z —z

sinhe _ e" —e ) 12)
x

sinchz =
2

The parameter 3’ = 2 7B 1" is equal to 27 times the product
of By, and the integration interval 7" with By, the sum of the
3-dB linewidths of the lasers at the transmitter and the local
oscillator.

Substitution of (11) into (8) gives a useful approximate
expression for the mgf of |Vi|2. Including the factor A the
result is

1 A%s
Ty (s) = {9025 P (1 ~ 2023>
T —1/2
i .
x [n \/1_2023} 13

The decision variable (6) is the sum of L equally distributed
independent variables |Vi|? and the mgf of U is (14) with s

replaced by s7"/2 and raised to the power L. From (5) follows
that 027" = 1 and

Uy (s) = [Ty (sT'/2)]"

—-L/2
N i sinch ﬂm—
T (1-s)t e 8 Y (1-s)L?
(14)
where
B=2nB,T (15)

and the parameter m; = A%T/2 = A?LT'/2 is the expected
number of photoelectrons in the received optical pulse.

The error probability is easy to calculate from Wy (s) using
the saddle point approximation as outlined in Appendix B.
The procedure includes determination of the optimal receiver
threshold minimizing P,.

The result is shown in Fig. 4 for various values of the
phase noise parameter B;T. The values of L indicated in
the diagram are those resulting in the lowest P,.

The prefilter bandwidth is proportional to B’ = 1/7” and
L = T/T' = B’/B is a measure of the magnitude of B’
relative to the rate or bandwidth B of the data signal.

A. Frequency-Shift Keying

Frequency-Shift Keying (FSK) is readily analyzed utilizing
the results from ASK since each branch of the FSK receiver
in Fig. 2 is equal to an ASK receiver of Fig. 1.

Assume that the signal corresponding to the upper branch is
transmitted. The stochastic variable obtained by sampling the
postfilter in the upper branch of Fig. 2 is then equal to (6)

L
Uy =T |AVk + Xuel2 (16)
k=1
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A cos{wt + 8o(t))

¥ M H.

LI

C cos(wit + 6;(t))

Fig. 3. Heterodyne DPSK receiver with envelope detector. The predetector

error probability

10"

14
wg——

20 :
10log(mi) dB =
Fig. 4. Bit error probabilit
b y for heterodyne ASK (on-off modulati i
envelope detector receiver calculated from the Taylor expansion of thl: Ti)ll:rle!g

parameter L is indicated along the ¢
urves. The parameter m, is th
( e expe:
number of photoelectrons in the received “on” pulse. ] ——

The output of the lower branch is noise only

L
Uo=T"Y" |Xoi|>. an
k=1
It has a (cem.ral) chi-square distribution with 2L degrees of
freedom and its mgf is equal to (15) with m, = 0,

The receiver makes its decisions b : .
; comparin
or equivalently y comparing Uy with U

U=U,-0, (18)

;vith a T)ero threshold. The stochastic variable U is the dif-
erence between two independent variables i i
B and its mgf is the

‘IIU(S) = ‘I/UI (9) - \I’UD(—S). (19)

The.approximate mgf function of U; is equal to (15).

Flg. 5 shows the calculated error probability, using the sad-
f:llepomt .approximation with the optimal values of I, indicated
in the diagram. The calculations are simpler than for ASK
since the threshold for FSK is fixed.

B. Differential Phase-Shift Keying

In D.ifferenlia.ll Phase-Shift Keying (DPSK) the phase of the
trans~m1tte<.i opn;al field is modulated and the phase of the
previous signal is used as a phase reference in the receiver.

T o—| I'H*

filter H} is a bandpass filter at the heterodyne frequency.

S,
3

error probability
sr'n

10"

20
10log(m) dB G

Fig. 5. Bit error probability for heter i

8 odyne FSK with envelope detector
;ecewer, c?lculaled from the Taylor expansion of the filtered :hase noise
_?r_ v:i_r}ous values of B T. The optimal prefilter bandwidth parameter I,
is mdmaled along the curves. The parameter m is the average number of
received photoelectrons per bit

VWe consider the case without predetector filtering where
1" = T and one sample per signal interval is generated.

The receiver, Fig. 3 has two branches obtained by adding
or subtracting the signal and a delayed copy from the previous

time interval. The resulting signals V. and V.
apo A — are analogous

Vi =boAY; + X1 £ [AYy + Xo] (20)
with
L %
M= / e gy

0
1770 21)
gag B 76(t)
Yo T/—Te dt

(a;;:ia \:;errgo?? = ef®1-%0) = 4 | represents the transmitted

The performance of DPSK does not depend on the start
up value of the signal phase and it is convenient to let the
Phase noise 6(t) be equal to zero at ¢ = (. The phase noise
integrals (21) are then independent and equally distributed
stochastic variables. The quantities X; and X, are filtered
shot noise from the photodetector. They are independent, com-
plex valued, zero mean, Gaussian variables with quac{rature
components of equal variance o2 = 2 M/T =1T.

DPSK is sensitive to phase noise and we use a first order
approximation obtained by keeping the linear term only in a
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Fig. 6. Bit error probability for heterodyne DPSK calculated from the first
order Taylor expansion of the filtered phase noise for various values of Bz T
The parameter m is the average number of received photoelectrons per bit.

Taylor series expansion analogous to (10)

N

Il

1 T &
Tf 14 76(t)dt = 1+ P
o 22)

. 1 0 %
Jo= L / 1+ j6(t)dt = 1 + Vos
T ) r

The receiver compares the output of the upper and lower
branches in Fig. 3. It is convenient to let the decision variable

be
_TIVE _ T(Val2 - V1)
1 4

and decides in favor of the signal alternative corresponding
to the branch with the largest value, which is equivalent to
comparing U = U; — U with a zero threshold.

The mgf of U is derived in Appendix A with the same
technique used to obtain (15). The result is (A17)

o (122)
T 1-0mBlB3+ 12 V-2
The error probability for various values of the phase noise
parameter BT is shown in Fig. 6. Comparison with Fig. 4

and Fig. 5 shows that DPSK is much more sensitive to phase
noise than ASK or FSK.

U (23)

Yy (s) e

C. Relation to Optical Amplifier Receivers

There is an interesting equivalence between the error prob-
ability of optical systems with heterodyne receivers and direct
detection systems with optical preamplifier receiver, as pointed
out by Tonguz and Wagner [2].

The results presented in this paper can be used to estimate
the influence of phase noise on optical amplifiers. It should be
noted, however, that the equivalence proved in [2] is based
on an approximate preamplifier receiver model, where the
photodetector is modeled as a deterministic quadratic detector
without any shot noise. For a further discussion on this we
refer to the book by Einarsson [3].
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D. Comparison

A comparison between our results for ASK and FSK with
those of Foschini, Greenstein and Vannucci [4] shows a good
agreement in the calculated bit ermror probability. There is,
however, differences in the locations of the transition points
for the parameter L.

DPSK has been analyzed by Jacobsen and Garrett [S5] and
more recently by Kaiser, Shafi and Smith [6]. Our result
shows the same general appearance as theirs, but there is
a disagreement in the numerical values, probably due to a
difference in the phase noise approximation.

APPENDIX A
MOMENT GENERATING FUNCTION

A. Amplitude-Shift Keying

The probability distribution of U is related in a simple way
to the moment generating function of

VP =Y+ XP= (et X2+ (Ve + X% (AD)
The mgf of |V|? is
Ty (s) = E{ exp (|V|*s)}
= E{exp ([V? + 2V X + X2 + )2
+20.X, + XZs)}. (A2)

The variables X., X, and ) are independent and the averaging
in (A2) can be carried out for each variable separately

Ty (s) = Ey{ exp (IVIs)E{ exp (9(Xc)s)}

x E{ exp (92(X.)s)}} (A3)
with
9e(Xe) =2V X + X2
9:(X,) = 2V. X, + X2 } (A4)

The average over X, is

E{ exp (9-(X.)s)}

1 > z2
= T /_co exp ([2V.a. + x2]s) exp (_F> dz..
(AS5)

The integral can be evaluated by completing the square in the
exponent. The result is

1 2)202%4?

E 2 = < . (A6
(o (X} = T e (252 49

The average over X, results in an identical expression as (A6)

with Y? replaced by V2. Substitution into (A3) yields after

some algebra

1
i 1—2023%(1—32025) (A7)
where
Uy(s) = E{ exp (|YI%s)} (A8)

is the mgf of the squared envelope ||
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B. Differential Phase-Shift Keying

Assume that symbol “one” is transmitted which means that

?)0 =.1. Expressing the variable V in (23) in terms of re
imaginary parts of its components gives

- . }
VI = 2A+ X1 + Xo.J? + [A(D, + Yos) + X15 + Xoa]2

. [ch - ‘XOC]Z . [A(j}ls - J}Os) + ‘Yls = X05]2~

(A9

This is equal to

VI = 24+ 2102 + (AW, + 2,,)2 — 72

— (AWos + Zo,)? (A10)

.w1th Zie = X104 Xoe and Zoe = X1.— Xg. etc. All variables
in (A10) are uncorrelated and Gaussian, which means that they

are independent, with variance 2/T.

The phase noise 6(t) is related to the laser frequency noise

by

¢
o(t) = 27r/0 w(s)ds (Al1)

where p(t) is white Gaussian noise with two-sided spectral

density R, = B /2x.
Integration by parts yields

Ve = I/T()t we il L

1= = =i = ’
T ) f0d= Ow(t)_T/o 10 (t) dt
_2r T .
—TA (T—t)[t(t)dt. (A12)

Application of the theory for linear operations on stochastic
processes gives

. ~ o2r\?% /7T
Var{Y,,} = (—) / Ry (T —t)2dt =5
7) |, u ) dt = 3 (Al13)
with § = 27 B, T.
The variables Wy, = Y, +J, =Y )
[ s 0s and Wo, = Yy, — Yy, ha
variances 2/3/3 equal to two times (A13). ' e
The first term (‘2A + Zic)? in (A10) has a noncentral
chi-square distribution with one degree of freedom with a mgf

Uy(s) =

1 - 4A%s
Vi-7 °F m) e

The r?ext terr.n (AW, + Z15)? is the square of a zero mean
2g:su:is.swm variable with variance 24%03/3 + 2IT. It has an
ordinary) chi-square distribution with one d

e e degree of freedom

Ua(s) = 1
N w7y 1/T)s’ L
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The mgf o.f [V|? is the product of the mgf’s of its compo-
nents, observing the negative sign of the two last terms.

alatd gy o W1 (5)Wo(s)W3(—s)Ws(—s)

— €Xp (lﬁ-’?:;T)
V1-[4(A%6/3 1 UT)sP\/T — (4s/T)° (Al6)

The mgf for the decision variable (23) is obtained from (Al6)
by replacing s by sT/4

exp (122)
V1= (2mp/3+ 1)2s2 /1 — 52

‘ (A17)
where m = A2T/2 is the average number of received photo-
electrons per bit.

Uy(s) = ‘I’V(ST/‘;) =

APPENDIX B
SADDLE POINT APPROXIMATION

Foll(.)wing Helstrom [7] we derive a numerically simple
appr.oxxmalion to the cumulative probability distribution of a
continuous stochastic variable with density function ().

A moment generating function

o0
U(s) =/ p(z)e**dx (B1)
— 00
is a bilateral Laplace transform and
oo
w0 = [ pla)da
(<3

1 ctjoo e—sa

_—_m

. S U(s)ds; ¢>0 (B2)

c—joo

can be expressed as inverse transformation, The parameter ¢ is

chosen to be the value of s for which the integrand is minimal.

It Furr?s out that this point, s = Sp, corresponds to a saddle

point in the complex plane, whence the name of the method.
The integrand is expressed in terms of a “phase” function

¥(s)

ls17" exp (=s)¥(s) = exp [3p(s)] (B3)
and 9(s) is expanded in a Taylor’s series around the point
= 3
1
V) =9(s0) + 5 ¥ (s0)s~50) + - (B4
The first derivative does not appear since s = sy is an

extremum of ) (s).

‘ Substitution of (B4) into (B2) neglecting higher-order terms
yields the saddlepoint approximation

1 o0
()% gy o0 lvlen)] [ ow [~ v (oo
= [2m9"(50)]71/% exp [y(s0)]. (B5)

The term Z2, has zero mean and its mgf Wa(s) s equal o The parameter s is the value of s for which %(s) has a
CALS) with 4 = 0, The i q minimum. It is equal to th iti i
e last term in (A10) has the same q 0 the positive root of the equation

distribution as the second term and its mgf is given by (A15).

¥'(s0) = 0. (B6)
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A saddlepoint approximation for the lower tail is obtained in
the same way

o

g—(a)= / p(z)da ~ [219" (s1)] /2 exp [¥(s1)] (B7)
J =00

with s; equal to the negative root of (B6). The error probability

for a specific threshold « is

1
P~ é[fl+(a, s0) + g (e, 51)]- (B3)

The threshold minimizing (B8) can be obtained by setting the
derivative with respect to « equal to zero

dP.
da

The saddlepoint approximation requires the numerical solution
of three nonlinear equations, two times (B6) and (B9).

Two terms in the Taylor expansion (B4) are used in the
derivation above. The approximation can be improved by
including higher-order terms [7] but this is not necessary for
ordinary system evaluation at error probability values normally
encountered in practice.

1
= —5[30(” (a, 80) + s19—(a,51)] = 0. (B9)
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On a recursive formula for the moments of
phase noise

Idelfonso Tafur Monroy and Gerard Hooghiemstra

Abstract— In this paper we present a recursive
formula for the moments of phase noise in com-
munication systems. The phase noise is modeled
using continuous Brownian motion. The recursion
is simple and valid for an arbitrary initial phase
value. The moments obtained by the recursion are
used to calculate approximations to the probability
density function of the phase noise, using orthog-
onal polynomial series expansions and a maximum
entropy criterion.

Keywords— Brownian motion, phase noise, optical
communication, error analysis, derivation of mo-
ments, maximum entropy.

I. INTRODUCTION

Phase noise has proven to be a major performance-
limiting factor in a munber of communication systems.
For example, in optical coherent or weakly coherent
systems e.g. [1,2]. Multicarrier transmission, using
orthogonal frequency division multiplexing (OFDM),
for instance in wireless indoor systems, is very sen-
sitive to phase noise [3,4]. Phase noise is also re-
ported to degrade the performance of coherent analog
amplitude-modulated wide-band rectifier narrowband
(AM-WIRNA) optical links [5], among others. The
statistical properties of phase noise (in the context of
optical communication systems) have been studied by
several authors e.g. [1,2] and by those authors they
are referring to. It is a complex problem for which
different types of approximative solutions have been
presented (cf. [2]). The authors in [1] use simulation
techniques; a characterization through moments has
been given by [6] and [7], whereas a numerical ap-
proach is given in [8]. The list of references on phase
noise analysis cited here is by no means complete but
demonstrates the range of different approaches.

From a mathematical point of view, characterizing
phase noise is equivalent to the study of the complex-

1. Tafur Monroy works at the Eindhoven University of Tech-
nology, Telecommunications Technology and Electromagnetics,
P. O. Box 513, 5600 MB Eindhoven, The Netherlands

G. Hooghiemstra works at the Delft University of Technology,
Faculty of Technical Mathematics and Informatics, Department
of Statistics, Probability and Operations Reseaj'ch, P. O. Box
5031, NL- 2600 GA Delft, The Netherlands

valued stochastic process (cf. [1]),

“

Z(t):/ e Pds, >0, (1)
0

where {B(s), s > 0} is Brownian motion with zero

mean and variance

o2 = var(B(s)) = fis.

The parameter # = 2rAv, where Av is the Lorentz
linewidth of the oscillator (laser linewidth in the case
of optical systems).

The process {Z(t), t > 0} can be decomposed in its
real and imaginary part:

{ 'l
Z(t) = /0 cos B(s)ds+j /0 sin B(s)ds = X(t) + jY (¢).
(2)

We present a recursive formula, expression (8), for the
moments of X(t) and Y (), for fixed ¢ > 0. The re-
cursion has two advantages over the one given in [6].
It is simpler in form and it is valid for arbitrary ini-
tial value z € IR of Brownian motion {B(s), s > 0},
whereas the recursion of [6] is restricted to the initial
value ¢ = 0.

We close the section with a definition and some no-
tation. We denote by P, the probability measure of
the Brownian motion starting from « € R. More
specifically for each Borel set A, consisting of contin-
uous functions on [0, 00),

Py((B(s))s20 € A) = P((x + B(5))s20 € 4),

where P = By is the probability measure of Brownian
motion {B(s), s > 0}, starting from 0. The symbol
E, is used for the mathematical expectation with re-
spect to the probability measure P,. Finally, we often
write By instead of B(s).

I1. RECURSIVE FORMULA

We consider the following functional of the Brown-
ian motion:
ol

f(Bs)ds,
0

A=A ((Bs).sz(]) = t >0, (3)



where f is a measurable, non-negative function. Here the first equality sign follows from:
Moreover for some A > 0 the function f should satisfy d

bAs

2 ghAs

o >
f f(y)e_‘y]‘/xdy < 00, (4) ds

which implies:
Denote for fixed #, by Eye=** b > 0, the Laplace- ,
Stieltjes transform of the random variable 4,. We / bf(Bg)e* s ds = et — 1.
first derive from a simplified form of the Feynman- 0
Kac formula (cf. [9], p. 272) a functional equation for
the double Laplace transform:

=bf(B,)e",

Changing the order of integration (this is permitted by
Fubini’s theorem since the integrand is non-negative)
yields the third line. The third equality is justified by

de el
— A —bA
"N Ere 0 dE,  MB> 0, oo 1t
/0 & e S a change of variables: © =t — s, and by:

of the random variable A;. From this functional equa-
tion the moment recursion (8), which is surprisingly
simple, follows.

Observe that

AI - A= As+u — Ay =Ay0 s,

where we use the additivity of the functional {4, t >
0}. Finally, the last equality is the (weak) Markov
property (see [9] or Freedman [10]): the Brownian
motion starts afresh from position By.

g2
AL:/ J(By)ds
< Define

is a so-called additive functional:

N
s e = S8 P, A) = /0 M B dt,

where 0 is the shift operator ( 0, maps the set of con-  pp. left-hand side of (5) can be written as:
tinuous functions on [0, 00) on the set of the continu-
ous functions on [0, 00) and is defined by: 65(¢g)(u) =
g(s +u), where g is a continuous function on [0, 0c)).
The proof that {A4,,t > 0} is additive is straightfor-

‘, ; Via = ~Xt di — . »)\lE e—br\f dt =
ward: i 0

s+ Mg 1
Au=te = [ p@do= [ 1B T — ol N);
4] 0

/s o J(By)dv = /0 " H(Boss) dv

u
J(84(By)) dv = Ay 00,

B, / e~ N=bA (A 1y =

the right-hand side as:

o0 O
B, / e ™Mb (By)Ep.{ / e~ Mty ds
0

Il

0 o0 e—(y— ©)? (203
where it is implicitly assumed that both sides Ag, — = / g / bf(y)buly, /\)—————\/2_— dsdy
Ag and A, o @, are applied to the random continuous - (("5' )3;2 ,

o ey »,—(y—x)" /205
function .{B('U), ¥ (J} o / Flilduln, /\)/ ~xs€ dyis
Following ( [9], p. 272), we obtain for A, b > 0, osV2m
) OO E,7|y-m|\/2/\/rf
EI/ e~ MbA (N 1)t (5) = b/ (Y, M (1) ——=—0dy.
0 —00 2’\/3

Hence we get the functional equation:

00 t
—E, l—/\t—bA] bf(Bs
e [,
= o ke ‘ 1 o0 —ly—al\/27/B
=E /0 e b (B / | 3~ tol@A)=b / ol A)f(y)fj——wdy.
= B / e”)“"bf(Bs){/ e~ MumbAuols 1 g (6)
0 0

o o0 —bAy
= I/ e"\"”'bf(Bs)Ens{/ e At gy L ds.
0 0

P e ds)dt

Alb=5)—b{A1=As) gg1 4

By expanding on both sides of (6) the expression e
in a power series in b € (0,1) and comparing the co-

efficients of b we obtain:

{e.¢]
/ e ME AP dt
0

o "0 o= As—ly—z|\/20/5
~7l[wf(y)/(1 — A

A recursive formula for E, A? can be obtained by tak-
ing on both sides of the above equation the inverse
Laplace transform. Note that the inverse Laplace
transform of

B, AL~ dsdy.

eﬁz\s—lyfmh/"z/\/ﬁ
oy I

is equal to:
gy*l‘(t - *)1(1‘ > '9)> te (U< ’)O), (7)

where

So,

o X0
B AT = n/ f(y)/0 Gyt — $)L(t>5)E, A" dsdy

—(y—2)*/28(t- 9)
=n / / __—27r/j y AT dsdy.

This proves the following recursion:

00 t
Bty =n [~ 1) [ B AT 00— s sy,
—00 (4}
(8)
where
Py(B; € dy)/dy
(2nBs) "2 exp{—(y — x)/20s}.

pls;a,y)

Il

The above recursion has two advantages over the re-
cursion given in [6]. Tt is simpler in form and it gives
the moments starting from arbitrary = € IR.
ITI. APPLICATIONS
We apply (8) to find the moments of

ot
X(t) :/ cos Byds.
0

Note that the cosine can be negative; however, it is not
difficult to show that both the functional equation (6)
and the recursion (8) also hold for functions that are
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Probability density

P )

:1 -08 -06 -04 -02 0 02 04 06 08 1
X(1)/t

Fig. 1. Probability density of X (¢)/t. Zero initial value:
a = 0. Solid lines represent the results by a maximum
entropy approach while dashed lines is the Chebyshev
polynomial series expansion.  a) 8t = 1, b)#t = 2,
o)t =4, d) st = 18.

bounded from below and satisfy (4). From E!,x‘((t)o =
1, and

oo 1

Re{/ ep(t — sy, y)dy} = cosz exp{—g,ﬁ(t -9},
—00

we obtain

b
B of
1
E:X{t) = (:()S:I:/ exp{f;ﬂ(tfs)}ds
0 2

2cos (11— ef,éﬂ,/z)
R (9)

For the second moment we obtain

E.X(t)? = ',—/ cos” y{/ —Hs/2)

2 o
[—j/(l—e_*j‘”/z)(l+e‘”( %) cos 2¢) ds
0
1 ) 81/
- ?{Q[ﬁ —4 4 4e P2y
cos 2z ;
{.j t;z/jz 4 lﬂﬂ/Q}‘
332

The third moment can be expressed in terms involving
cos @ and cos 3z:

p(t — s;z,y) ds}dy

(10)
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Fig. 2. Probability density of X (¢)/t. Steady-state regime.
Solid lines represent the results by a maximum entropy
approach while dashed lines is the Chebyshev polyno-
mial series expansion. a) 3t =0, b) st =1, ¢) ft = 4,
d) gt =8, ¢)ft = 18.
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_ev‘)/ﬂ/‘l R 10}

As the order increases the expressions become more
complex. We used a computer program supporting
symbolic integration to find the moments up to the
fifteenth order.

Based on the moments we used a maximum entropy
criterion (¢f. [11]) to obtain an approximation for
the probability density function (pdf) of X (t)/t. We
also used a series expansion involving Chebyshev
polynomials for comparison. Two cases were treated

(i) zero starting value 2 = 0, and (ii) a random,
uniformly distributed on (=, 7), initial value @
(steady-state regime [7]). In Fig. 1 we present the
results of the case of zero initial value for different
values of #t. The results of the steady-state regime
are displayed in Fig. 2. In both figures the solid
lines represent calculations with the maximum
entropy approach, while the dashed lines represent
the Chebyshev polynomial series expansion. Both
approaches yield a similar shape of the pdf of X () /.
However, the maximum entropy approach seems
to converge faster than the orthogonal polynomial

representation.

The results for the steady-state regime are found
to be in good agreement with previously published
results [7]. As one can observe in Fig. 1 and Fig. 2, for
large values of (t (what can be considered as strong
filtering) the pdfof X (¢)/t tends to acquire a Gaussian
shape.

IV. CONCLUSIONS

A simple recursive formula for the moments of
phase noise, its real and imaginary part is presented.
In fact, the recursion is valid for any integral of a
function of the Brownian motion provided that the
function is measurable, bounded from below, and sat-
isfies (4). The recursion also gives the moments for an
arbitrary starting value. Approximative pdf’s can be
found through a maximum entropy approach or a or-
thogonal polynomial series expansion. Moments may
also be used for the calculation of error probabilities
by Gaussian quadrature rules; see [12].
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Chapter 5

Optically Preamplified Direct
Detection Receivers

The first results published on light amplification in a glass fiber date back to 1961 [62] and
1964 [63] in papers by Snitzer and Koester, respectively. Early work on fiber amplifiers
was also conducted by Letokhov and Pavlik [64]. It is interesting to note that a significant
amount of work on fiber amplifiers was already done long before the idea of using optical
fibers in telecommunications was discussed by Kao and Hockman in 1966 [1]. In the sub-
sequent years considerable improvements in fiber fabrication, and in semiconductor pump
laser technology were of great importance for the development of fiber lasers and ampli-
fiers. In 1985 lasing in a doped fiber was demonstrated [65] and soon after, in 1987, the
first erbium-doped fiber amplifier (EDFA) was constructed [3]. Today, the EDFA is a key
component in optical fiber links or optical networks. Optical amplifiers are used as boost-
ers, in-line amplifiers (compensating for fiber loss), and preamplifiers. The subject of this
chapter originates from the application of EDFAs as preamplifiers in optical communication
systems.

5.1 Problem statement

The fundamental components of a preamplified, direct detection receiver are an optical
amplifier, an optical filter, a photodetector, an electrical postdetection filter, and a decision
circuit. The block diagram of such a receiver is depicted in Fig. 5.1.

1
‘| Optical Optical ‘ Postdetection Decision
t| amplifier filter ] Howiescior Filter | circuit
o oy M e |
Optical preamplifer

Figure 5.1: Block diagram of an optically preamplified direct detection receiver.
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In the receiver under discussion the optical amplifier increases the power level. At the same
time, the EDFA generates spontaneous emission noise which is added to the photodetector
input signal. Amplified spontancous emission (ASE) noise is an inherent noise source of
the fiber optical amplifier which impairs the receiver performance. At the output of the
oplical amplifier, the average noise power measured in a bandwidth B is [66]

Py =nghfo(G —1)B  Watts ;.1

where G is the amplifier power gain, f, denotes the optical frequency, & is the Planck’s
constant and n, is the spontaneous emission factor. For available EDFAs the value of G is
in the range 20-30 dB. For an ideal amplifier n, = 1 whereas for a practical EDFA n, > 1.
The effect of ASE noise can be limited by an optical filter after amplification, but at the
same time filtering distorts the optical pulse and introduces intersymbol interference (ISI).
In WDM systems optical filters may also be used for the selection of channels. ASE noise
and ISI impair the signal detectability, but it is not directly clear how the overall receiver
performance is influenced. This fact suggests that there is a tradeoff between ASE noise
reduction and ISI and hence it is important to determine the regime of optimum operation.

5.2 Performance analysis

This chapter addresses the performance analysis of optically preamplified, direct detection
receivers impaired both by ASE noise and ISI. The question is to determine the statistics of
the receiver decision variable, taking into consideration ISI, and to further evaluate the bit-
error probability. The statistics are described by the moment generating function (MGF).
In this part, closed form expressions for the MGF of the decision variable are derived. This
MGF is believe to be new.

Exact expressions for the MGF, including ISI, facilitate the calculation of error probabilities
and yield a more complete performance analysis of optically preamplified receivers.

In paper C the case for a receiver with a Fabry-Perot optical filter is studied. A closed form
expression for the MGF of the decision variable is presented. Moreover, it is found that
there is an optimum relation between the optical filter (Fabry-Perot) bandwidth, bit-rate,
and postdetection filtering that results in the lowest error probability for a given received
power level. In paper D, an extended study is conducted to show that postdetection electrical
equalization results in a better performance. It also shown how the better performance can
be achieved, based on a Gaussian approximation for the error rate analysis, for a wide class
of optical and postdetection filters.

5.3 Communication theory

Determining the distribution of the output of square envelope receivers with colored Gaus-
sian noise input constitutes a classic problem in communication theory e.g. [67-71]. Al-
though the mathematical formalism for determining the statistics of the output of such re-
ceivers is well known, e.g. [67,69,71,72], deriving closed form expressions for the distribu-
tion is a complex task. Moreover, if at the input both signal and noise are present, this task
becomes even more formidable. For the case of noise only input, expressions for the MGF
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and analytical approximations to the probability density function have been reported for
several covariance kernels, e.g. [69,71,73]. For both signal and noise being present at the
input, closed form expressions for the distribution are scarcely documented in the literature.
In paper E, closed form expressions for the MGF are derived for the case of an input signal
composed of a binary sequence of rectangular pulses. The considered Gaussian processes
are: the Wiener process, a Gaussian process with linear covariance (moving average), and
the Ornstein-Uhlenbeck process.

The analysis of optically preamplified, OOK direct detection receivers is an example of
square envelope detection followed by filtering. This means that the derived MGFs are
applicable to the problem of finding the quantum limit for optically preamplified OOK re-
ceivers (see paper E).

Comments on paper F

The question of what is the ultimate quantum limit for optically preamplified OOK receivers
is the topic of paper F. To find the answer, first, the results presented in the literature for dif-
ferent optically preamplified, OOK/DD receivers are summarized. Subsequently, a receiver
scheme is presented that is expected to outperform previously studied configurations.

The quantum limit for an optically preamplified receiver with an ideal bandpass optical fil-
ter is 38.4 photons/bit [45]. The result of the analysis in paper F suggests that an optically
preamplified receiver can operate with a quantum limit smaller than 38.4 photons/bit. This
is an intriguing result as one would expect that any other receiver will have a larger quan-
tum limit than in the case of an ideal optical bandpass filter. The analysis in paper F should
be considered as an intermediate presentation rather than a complete and final result. This
paper is therefore particularly open for discussion. The validity of the mathematical deriva-
tions and the accuracy of the numerical computations still have to be rigorously proved.
Work to clarify these issues is in progress.
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Bit Error Evaluation of Optically Preamplified
Direct Detection Receivers with Fabry—Perot
Optical Filters

Idelfonso Tafur Monroy and Goran Einarsson

Abstract— The error performance of a preamplified, direct
detection receiver with an optical filter of the Lorentzian type
is studied. The analysis takes into account the influence of the
optical intersymbol interference (ISI). A closed-form expression
of the moment generating function (MGF) of the decision variable
is derived. Error probabilities are evaluated from the MGF using
a saddlepoint approximation. The Gaussian approximation is also
examined. The detection sensitivity in terms of a quantum limit is
calculated. The results show that there exists an optimum optical
bandwidth, the reason being a tradeoff between the effect of
ISI and the spontaneous emission noise. It is also shown that
the Gaussian approximation gives a good estimate of the error
probability, allowing to find in a simple manner the optimum
parameters of optically preamplified, direct detection receiver.

Index Terms— Error analysis, intersymbol interference, op-
tical amplifiers, optical communication, optical filters, optical
receivers.

I. INTRODUCTION

N optically preamplified direct detection receiver the optical

amplifier increases the power levels, but at the same time,
the erbium-doped fiber amplifier (EDFA) generates sponta-
neous emission noise which is added to the photodetector
input signal. Amplified spontaneous emission (ASE) noise is
an inherent noise source of the fiber optical amplifier which
impairs the receiver performance. To limit the effect of ASE,
which is a wide band noise source, an optical filter is needed.
Filtering, however, can distort the optical pulse and introduces
intersymbol interference (ISI). Fabry—Perot filters are widely
used in experimental optical transmission systems, e.g., [14].
They are well described by a Lorentzian impulse response [28].

The main question of the performance analysis is to deter-
mine the statistics of the receiver decision variable, taking into
consideration ISI, and to further evaluate the bit-error proba-
bility. Most of the previous analysis of optically preamplified
receivers were made under the assumption that the signal
passes the optical filter unaltered, which means that the ISI is
neglected or the optical filter bandwidth is assumed to be large
[1]-[5]. The performance analysis for a receiver with a perfect
rectangular bandpass optical filter is documented in [6], [7],
and in [8] for a receiver with a traveling-wave semiconductor
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optical preamplifier. Ben-Ali et al. [25] derived upper bounds
on the bit error probability. Chernoff and modified Chernoff
bounds together with an improved bound on the bit error
probability are presented in [26]. Chinn [27] considered a
probability density function (pdf) of the decision variable
obtained by convolving individual pdf for a finite number of
modes of a Karhunen-Logve expansion of the signal and noise.
A Karhunen-Logve expansion approach is also used in [13]
for deriving a moment generating function (MGF), but the use
of the MGF is limited to finding the first and second moment
of the decision variable. These works take into consideration
the significance of the ISI, but a closed-form expression of
the MGF, (statistics), of the decision variable that explicitly
incorporate a Fabry—Perot optical filter is not given.

In this paper, a closed-form expression of the MGF of
the decision variable, explicitly incorporating a Fabry—Perot
optical filter, is derived. The MGF is then used to calculate bit-
error probabilities by the so called saddlepoint approximation
(spa). Some previous works have considered the decision
variable to be Gaussian distributed [9]-[13]. In this paper
the Gaussian approximation, including ISI, is also examined.
The results shows that the Gaussian approximation gives a
fairly accurate estimate of the error probability of optically
preamplified receivers.

This paper is organized as follow: In Section II the reference
scheme and the model of the receiver under analysis is pre-
sented. The general form of the MGF for the decision variable
is derived with the help of a Karhunen-Logve expansion
of the signal and noise. The method of deriving the MGF
for the decision variable is also presented. In Section III,
the expression for the error probability is presented and
the saddlepoint approximation is introduced. A closed-form
expression of the MGF for the decision variable is given. The
performance of the Gaussian approximation is also studied.
Numerical results, and comparison with previous work are
presented in Section IV. Finally, in Section V, summarizing
conclusions are drawn.

II. SYSTEM MODEL

The system under analysis is depicted schematically in
Fig. 1. The optical preamplifier (EDFA) is characterized by
an optical field amplifier with power gain (4, an additive
noise source [V(t), representing the spontaneous emission and
an optical filter with complex equivalent baseband impulse

0733-8724/97$10.00 © 1997 IEEE



MONROY AND EINARSSON: DIRECT DETECTION RECEIVERS WITH F-P OPTICAL FILTERS 1547

EDFA Photodetector Postdetector Decision
'— —_— — ——] Filter Circuit
to +&T
S(t) | B(t) I(t) ; l
r(t) T h(t) —s 1/0
Z(t)
L - .

Fig. 1. Complex bascband model of preamplificd dircct detection receiver.

response (). The equivalent baseband form of the optical
field at the output of the EDFA is

B(t) = [\/GS(f +1\/(f} «r(t) ()

where * stands for a convolution operation and S(f) is
the envelope (modulation) of the input optical signal s(f),
expressed as the real part of a complex field function

s(t) = Re {S(t) exp jwt} 2)

where w = 27 f, f being the optical frequency.

The optical field () illuminating the photodetector pro-
duces an output shot noise current I(#). The signal at the output
of the postdetector filter, with impulse response h(t), is

Z(t) = 1(t) % h(t).

This signal is sampled at ¢ = #( + A7/’ time instants to form
the decision variable. The decision device derives the estimate
of a transmitted bit in a particular bit interval by comparing
the decision variable with an optimal, preselected, detection
threshold «r. By an optimal threshold «v is meant the detection
threshold that yields the lowest error probability.

To continue further, we introduce some definitions and
normalizations. The input signal S(#) is assumed to be a
rectangular pulse of duration 7" The amplitude of S(f) is
chosen (normalized) such as e is the average number of
photons contained in S(7). In the sequel, it is assumed that
for a transmitted “zero” bit “zero” photons are received. For
equally likely symbols “one” and “zero,” e is the average
number of received photons per bit at the input to the EDFA.

For a given bit pattern B = (-++.b_1, by, by, -++) the
normalized information signal at the output of the optical filter
is denoted by Y'(¢)

Y(t) = VGS() » ,(t)

,z
e Z gt — KT) % r(t) @)
h=—50
o G2m
Y(t) =/ = bol(t) + > bil(t = k1) (4
k30

where
It) glt) xr(t);
by, statistically independent binary symbols representing
a data “zero” and a “one,” respectively. iy, € {0, 1};
m  average number of received photons per bit;
g(t) input unit rectangular pulse of duration 77

The first term in (4) represents the desired information signal
while the last term is the ISI. At the output of the optical
amplifier, the average noise power measured in a bandwidth
B is [1]

FPo=nghf(G-1)8B W

where h is the Planck’s constant and »., ,» is the spontaneous
emission factor of the amplifier. For reason of compatibility
with the normalization of S(#) the density of N(t) should
be expressed in photons per second. The photon intensity
corresponding to the stochastic optical field NV (#) is [35]

Ny =n,p(G —1) photons/s.

At the output of the optical filter the real and imaginary parts
of the Gaussian noise X (#) = N(t) » r(#) are independent,
with mean zero and autocorrelation

K(r) = ”71 (G = D)R(T) 5)
where [15]

R(r) = /ﬁ0 ety (t+7) dt (6)

with + denoting complex conjugate.
With the above notations the optical field at the output of
the EDFA becomes

B(t) =Y (1) + X(1).

The photo-electron intensity is proportional to the square of
the optical field (optical power) falling upon the photodetector
[28]. It is assumed that the photodetector quantum efficiency
1) is equal to one, and the optical field is normalized so that
the photo-electron intensity is

M) = [V iH+ XBDP. ©)

The signal Z(t), the postdetection filter /.(f) output signal, is
a doubly stochastic process: it depends on the information bit
pattern and on the stochastic mechanism of photodetection.
The mathematical model for Z(#) is the filtered compound
Poisson stochastic process [16], [17] whose stochastic intensity
is A(#). With no loss of generality we consider a time interval
of duration 7" and denote the decision variable by Z = Z(t =
7). Conditioned on the value of A(f) the MGF for Z is [16]

1"
Mz(s)|x =exp (/) A)exp {sh(t —7)} = 1] (iv'). (8)
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In this work, we restrict ourselves to a specific type of
postdetector filter: the integrate-and-dump filter. The impulse
response of the integrate-and-dump filter is given by

_J1, ogEgT
= {0‘ otherwise. ©)

Thus, the unconditional MGF of Z is given by

g} T
My(s) = /“ exp {/0 A(t)[exp (s) = 1] dt}p(,\) dA

(10)

p(A) being the probability density function of A(#). In terms
of the MGF for A

Mz(s) = My(¢* = 1) (11)

v
A= ,
'/0 | A(t) dt

a
:/ Y (£) + X ()2 dt. (12)
JO

where

A is also called the Poisson parameter function [16]. The
expression (11) appears in an early paper by Personick [19].
The MGF My (s) is given by

My(s) {e**}. 13)

We expand V(t) = Y(f{) + X(f) in a Karhunen-Logve
expansion, in the time interval [0, 7], choosing the set of
orthonormal functions {/, } such that

o

V(t) = vfult)

n=1

with Uy = Ty + Yn
and

T
m:/ V(6 L2 (8) dt
JU

o T
=[x

with f, and ), being the eigenfunctions and eigenvalues,
respectively, related to the following equation [20]:

T
K(t, u)f,(u) du= A, f.(t)
Jo

0<t<T  (14)

where K (t, u) = $E{X(¢)X*(u)}. By Parseval’s theorem,
the integral (12) becomes

o0
A= Z |!/rl. +‘[N|2

n=1

= Z Joa . (15)

n=1

The coefficients x, are zero mean Gaussian independent
variables whose real and imaginary part (z,. and x,s, re-
spectively) have a variance Var {&,,.} = Var {@,s} = A, /2
[20]. We observe that v,, are independent variables with mean

s

JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 15, NO. 8, AUGUST 1997
s hence, the MGF of a particular |v,, |? is that of a stochastic
variable with a noncentral chi-square distribution [15]

5
1=X.s

12

1
My, 12(s) =
o 2(5) 1—A.s

From (13) and (15), we have that
Ma(s) = I] B {et=F).
n=l

Thus, the general mathematical form for the MGF of A is
(18], [19]

= Jul?s
My(s H A= \,. 5) P (Z 1— s

pissl sl
1

Re s < m (16)
The choice of the integrate-and-dump filter simplifies the
analysis, but it yields a suboptimum receiver. An MGF in the
form of (16) can also be obtained for a general postdetector
filter [25], [36].
The MGF (16) can be represented in terms of the resolvent
kernel A(t, u:s:7) [21], [24], [30] related to the integral
equation

T
h(t, u;s;47) — s / h(t, vis;7)K(v, w)dv = K(t, u)
Jo
0< (t,u)<T (17)
as

Ma(s) = [D(s)]7F exp [I(s)] (18)

=

g
o«

&
|

T pT
= s+ 52 / / Y* (&) h(t, u; s: T)Y (u) dt du
40 J0
(19)

o1
my, = / |Y (6)|* dt
JO

and D(s),
[22]

also called the Fredholm determinant, is given by

s T
D(s) = exp {— / / h(t, tyo; Ty dt (l't;}A (20)
Ja Jo

The MGF given in the form of (18) is more convenient for
numerical computations than the MGF expressed in terms of
an infinite product [cf. (16)].

III. ANALYSIS

A. The Error Probability

The error performance analysis is conducted by conditioning
on the sent symbol b, and considering the finite sequence
B=(b_r, -, b_y, by, -, by) of symbols surrounding by,.
Assuming that the symbols o, = 1 and by = 0 are a priori
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equally probably, the conditional error probability given a
sequence B is
Pz =5 P2 < algp=1) + 0% > algp,=0) (2D
P.lg = § {a4 () +g-(0)}

As it is shown in [31], the tail probability ¢ (cv) is approx-
imately equal to

I

exp[d(so)]
S (22)
g+ () F—_Qﬁrf"/(stx)
the so-called saddlepoint approximation. The function ¢(s) is
related to the MGF for Z, Mz(s) by

¢(s) = In[Mz(s)] = s —In |s]. (23)
The parameter s, is the positive root of the equation
#(s)=0 24

and ¢''(sp) stands for the second derivative of (23) at s = s.
The lower probability tail is approximated by

ol s ﬁx])[(,'?(sl )]
V2r i (s1)
with s; equal to the negative root of (24). See [31] or [35] for
further details. The error probability is minimized by adjusting
the detection threshold <. The optimum value of « and the
parameters s, and s; may be found numerically by solving an
appropriate set of equations [35]. The saddlepoint approxima-
tion has been proposed by Helstrom [31], as an efficient and
numerically simple tool for analyzing communication systems.
The saddlepoint approximation has shown a reasonably high
degree of accuracy in the analysis of optical communication
systems [32]-[34].
The average error probability, for a fixed threshold «, is
obtained by averaging the conditional error probability with
respect to B with a by given

r.= %Ezi{l)v'(z < "'{R|b.,=1)} s %i Eg{l(Z > “‘lzi{b..:n)}-
(26)

(25)

The expression (26) is general with respect to the sta-
tistics of the transmitted binary message. In this paper, we
consider the case in which the message consists of mutually
independent binary symbols.

In optical communications, the (standard) Quantum limit is
defined as the average number of photons per bit in the optical
signal S(t) needed to achieve a bit error probability of 10~°
assuming ideal detection conditions, which means that G > 1
and n,, = L

B. Lorentzian Optical Filter

The normalized Lorentzian filter impulse response is spec-
ified by

e =V2pc 120 ¥1))
and consequently the covariance kernel is

R(r)=pc"  7eR (28)
where B = ji/x is the 3-dB optical filter bandwidth.

The output signal of the EDFA (after the optical filter) is
given by

T, i
Yt = 4(,,,,," !:/ bope ™" di
1 Jo
og RT+t

+ z by / pee " dy
— J(k—1)T+1

_ /4(;-177 l:])a(l_r_“')"'z b "((,:T_l)(—m]

k=1

A more concise expression for Y'(t) is presented in [25]

Y(t) = \/4(}”' Botpe™]  te0.T] (29

in which

=
p= (T - 1) Z . 30)

k=—o0

In order to obtain an expression for the MGF of the type in
(18) the resolvent kernel h(t. u, s:1") should be known. For
the case of the Lorentzian filter the resolvent kernel is given
in the literature, e.g., [20], [30]

[h1e® + hae= 1 [hye? T =0 4 ye=# T

e, u,.5:T) = olRePT — 7ZePT]

(31

for 0 <+ < u < T. For v < t the roles of u and # just
interchange in (31), in which

hy=v+1
hy=v—1
with
=V1-202%s
AB=upn
and

o= Nap{G — 1),
The Fredholm determinant is given by (see the Appendix)

(v+ 1)24-"3‘1' —(v— 1)2(5_"”

Dis) = JuerT

(32)
The expression for
F(s) = mys + s2F(s)
in which
/ / Y (., wss; )Y () dt du
0 Jo

turns out to be

F(s) = 4/’”(’ [2E1(s) + bopFa(s) + #Fs(8)}.  (33)

The expressions for [ (s), I2(s), and Is(s) are shown in
(33a), (33b), and (33c) at the bottom of the next page. The
derivation of the above expressions is straightforward but
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tedious. In the Appendix a more detailed presentation is given.
According to (11) the MGF for the decision variable, Z, is

My(s) = Ma(e® = 1). (34)

The validity of the derived MGF can be tested by considering
the following cases: 1) Only noise being present. The MGF
for the decision variable is then given only in terms of the
Fredholm determinant (). We obtain the same result as for
the well studied case of detecting purely incoherent light with
a Lorentz spectral density, e.g., [21]. 2) If both signal and
noise are present, then the mean and variance of the decision
variable derived from (36) and those obtained from (37) and
(38) are identical, as expected from the properties of the MGF.

C. The Gaussian Approximation

The Gaussian approximation to the error probability
P.|lct. (21)] is given by
(l‘) _(2< b(]) (35)

with £ , and ag_l being the mean and the variance of
the decision variable for a transmitted binary symbol “zero”
and “one,” respectively. The function ()(x) is the normalized
Gaussian tail probability

1 E
le’z:iQ(

__~—/) (ZS

Q) = m

If the MGF for A is known, the mean £y and variance rf}’\
are given by [15]

By = dlln My (s)
ds 5=0
. Plln My(s
oF = d*[In {_\(s)] 36)
ds? s=0

respectively. Alternatively, E, and o3 are also given by the
following relations:

Y "
Ey= / |)"(t)|2(lt+/ K(t.tydt (D)
JO JO

oi=2 [ / Y
+'/ A 2, 1) dbd (38)

respectively. The mean and the variance of the decision
variable Z are given in term of the mean and the variance

and

() K (t, u)dt du

JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 15, NO. 8, AUGUST 1997

of A according to the Poisson transform by [29]
Bz =Fy
0% =Ey +03. 3

For the case of the Lorentzian optical filter the covariance of
the noise X(¢) is from (28)

K(r)=K(t —u)
=02l (39)

The mean of A results to be

By = 411!(1'1)(‘), . ”1, bop(l — L
‘

4 2mG
nr

PP =Ty 4 02T (40)
and the variance

, ot 5
oy = (@uT+ ¢ T 1)

161G
+L_” b + pT - 1)

5
G

& - o pho(e 2T _ o T — 2/11'(1"'11 -3)
I8

MG 21— gupe=ant _ g2y, 1)
i

IV. RESULTS

The Lorentzian filter is a causal filter [see (27)] and the
ISI is caused by the bits preceding the information bit. We
are going to examine the situation for two past information
bits. Averaging over a larger sequence of past bits does
not substantially changes the result for the average error
probability [25], [36]. The computations are performed for
the On-Off keying (OOK) modulation format with a value
G = 100 and n,, = 1. The observation time is the interval
[0, T7]. The value of p was calculated for all possible sequences

= {b_y, b_y, by} and the average error probability was
evaluated by (26) using a saddlepoint approximation for each
term. The receiver optimum threshold ¢, yielding the lowest
error probability, is determined numerically.

The quantum limit for different values of the bandwidth
bit-time product BT, yielded both by the saddlepoint and the
Gaussian approximation, is displayed in Fig. 2. The quantum
limit, with optimized BT = 7 and optimum decision threshold,
is 49.9 [photons/bit] compared to the 38 [photons/bit] for a
receiver with a matched optical filter [1]. The bounds on the
error probability derived in [25] yielded a quantum limit of

Fi(s)=pTs+ =

2/1T.‘52r)‘2 4‘52(}2{2 - [(’U + 1)({} ~do— 1) i I
v+ D7 — (o~ T 7T] (33a)

4= 2s0%[(v + 2)e! — (v — 2)«—‘”.]
v[(v+ 1)2e8T — (v = 1)2e=97] } (33b)

Fy(s) = 2,5{1 -

2 (AT _
Fi(s) =s{%+ e

ey — [(v = 1) ’T+(a+1)(—*T]}
[(v+1)2eT — (v = 1)2e=9T]

(33c)
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Lorentzian optical filter
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= 1
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Fig. 2. The Quantum limit as a function of the bandwidth bit-time product BT. The solid line shows the results of the exact analysis (spa). The dotted

linc illustrates the results by the Gaussian approximation. G = 100, n,

56.5 [photons/bit] for an optimum BT = 8. The quantum
limit derived in [27] is 44.5 [photons/bit] for an optimum BT
= 3.7 and optimized observation time. Experimental results
for a receiver with a value BT = 7 reported a quantum
limit of 76 [photons/bit] [14]. The present work predicts for
this case a quantum limit of 49.9 [photons/bit], which is in
good agreement with the experimental result, considering that
penalties may be incurred in the postdetection signal treatment.

The Gaussian approximation, the dotted line in Fig. 2, gives
a good estimate of the error probability. The resultant quantum
limit is 54.5 compared to 49.9 [photons/bit] yielded by the
exact analysis (spa). The Gaussian approximation also predicts
the optimum bandwidth bit-time product with high degree of
accuracy.

V. CONCLUSIONS

In this paper, the impact of ISI on the performance of
optically preamplified, direct detection OOK receivers with
a Lorentzian optical filter has been studied. A closed-form
expression for the MGF of the decision variable has been
derived. Bit-error probabilities have been calculated by the spa
(exact analysis) and the Gaussian approximation. The optimum
filter bandwidth, minimizing the bit-error probability, and the
penalty incurred by using a nonmatched filter, Lorentzian, is
found.

The Gaussian approximation predicts the performance of the
optically preamplified receiver with good accuracy; see Fig. 2.
The parameters required by the Gaussian approximation, the
variance and the mean of the decision variable, may be found
without the knowledge of the MGF. Different type of optical
filters [covariance kernels K (¢, 1:)] may be considered with no

need of solving integral equations of the Fredholm type. Thus,
optimum parameters of optically preamplified, OOK direct
detection receiver may be determined by the simple method
of the Gaussian approximation.

Although this paper deals only with OOK modulation
format, the technique employed here can be used for receivers
with other types of modulation. Independent additive noise
contributions at the receiver can be incorporated in the exact
analysis by just multiplying their MGF. The Gaussian approx-
imation is expected to work well for modulation schemes with
nonzero decision threshold [37].

APPENDIX

In this Appendix is presented the derivation of the MGF
for the direct detection, optically preamplified receiver with
an optical filter of the Lorentzian type.

Introducing the following auxiliary functions:

fit;s) =
NG s TY = (B + pu)e! 3(T W 4 (= e BT
Sa(t:s:T) = (B + m)e™T=0 4 (B = p)e~PT-0
Soluss) = (3 + p1)e P (3= e —Bu

(3 + 10)e% + (B — e

and

PR "
e = BlB+ )2 e T — (3 = p)2e—4T)

h(t, w;s;T) in (31) can be expressed as

Mt ws: ) =Cls: DY frlus s: L) fr(t: 5)0(u — t)
+[1 = 0 — )] folrws ) falt; 53 1) }
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with
e(t-u)~{0 bR 42)

t 2>l
The moment generating function is expressed as [see (18)]

Ma(s) = [D(s)] 7+ exp [F(s)]
where
T T
F(s) =my,s + s / YAt w5 7)Y (u) dt du
J0 S0
43)
T
my, = / Y ()] dt
v O

and D(s), the Fredholm determinant, is given by [22]

s pT
D(s) = exp {— / / h(t, t;0:T) dt (l’u} (44)
Jo Jo

We start by integrating with respect to « in (19)

o
T = / h(t, w;s; 7)Y (u) du. (45)
Jo
After substitution of (29) Z; can be expressed as
4771(;
5= caitss) [ s+ peo)

a1 “)
T
X 6w —t)du+ folt; s; 1) / [1—68(u—2t)
J0
X fa(u; $)(by + pe™) du. (46)
G S — 2

gz(u)

We recall that

T
/ g8 — £) du = [Glu) — GO - 1)[T
0
inourcase 0 <t <1
= G(1) - G(Y) @)

where G(t) is the primitive function of g(¢). Then

%= \/T’(’( (D[St )GU(T) = [1(t; )G ()

= falt; 8 T)G2(0) + folt; 5, T) Galu))]

_,/4’"(’(( STE - 1h = 13 + 1], (48)

The integration operation leading to I}, n = 1.-.4,, is
straightforward but tedious. The resulting expressions contain
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many terms. In the derivation that follows we do{;not reproduce
the long intermediate expressions, but focus on the main steps
toward the final result for the desired MGF.

Continuing with the derivation, we now perform integration
with respect to ¢

/ / (O)h(t,u; ;1)
0

:/ TY*(t) dt
JO

Ama &
= ,Z[l' («'(S;T)/ Iy (b, + pe ) dt.
Jo

VY (u) dt du

The expression for the variable ;, turns out to be

v
T = / Y ()% dt
Jo

4G ! ‘
= ”]l_ /“ (b‘.,+p('f/”)2rit

_dmG

2
{bi/lT-}— 20,p(1 — e7T) + % {1 —a 2y |
(49)

Finally, rearranging common terms in b2, b,p, and p° we get

@

I'(s) =

@
”1 D2FL(s) + bopFa(s) + p2 F(s)]

where I (s), I'b(s), and ['3(s) are shown at the bottom of the
page and the Fredholm determinant takes the form

N ('l] =+ 1)2(:’”‘ — (‘(‘, . 1)2(:,AJ’1'
D(s) = —
with
v=y1-202
and

B =wvp

The same result for D)(s) (considering the difference in
notation) is given in an early paper by Helstrom [21].
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2uTs*o?
Bifd) =il P12

45202{2 -

[(v+ 1) — (v = D)e=01]}

02 * 30 + 1)26°T —

(v —1)2¢=4T]

In(s) =2s|1- T
2(5) { v[{v+1)2e —

4 - 2s0?[(v + 2)e™ — (v - 2)12"“']}

(v —1)2e=71]

2 FnBT _
F(s) =S{‘l s s(e ¢
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Error Rate Analysis of Optical Receivers
with Fabry-Perot Optical Filter and
Equalizing Postdetection Filtering

Goran Einarsson and Idelfonso Tafur Monroy

Abslract— A complete analytic solution in form of the
moment-generating function is presented for the statistical
distribution of the decision variable of an on-off system with
a Fabry-Perot optical filter. The results include ASE noise,
photodetector shot noise and dark current together with
thermal noise in the decision circuit. The influence of in-
tersymbol interference is incorporated into the analysis and
the optimal bandwidth of the optical filter is determined.
It is shown that an equalizing electrical postdetection filter
may make a significant improvement in performance. The
analysis is extended to cover receivers with an arbitrary op-
tical filter and arbitrary postdetection filtering by making
use of a Gaussian approximation.

1. INTRODUCTION

Optical amplificrs, uscd as preamplifiers, have proven to
cfficiently enhance the receiver detection sensitivity.  An
optical amplifier must be followed by an optical filter to re-
duce the amplified spontaneous emission (ASE) noise which
is of wide bandwidth character. The analysis of an optical
preamplifier receiver is complicated. The photodetector is
a quadratic device and linear signal analysis does not ap-
ply. Hence, an optical filter with narrow bandwidth reduces
the ASE noise but will cause intersymbol interference (ISI)
which deteriorates performance. An important design pa-
rameter is the optimal filter bandwidth accomplishing the
best balance between filtered ASE noise and IST.

The repertoire for optical processing design is limited. In
this paper we present a simple analytical approach to the
performance analysis of optically preamplificd receivers.
Firstly, we consider an optical preamplifier receiver with a
Fabry-Perot optical filter. A Fabry-Perot ctalon is a widely
used device for optical filtering in optical fiber communica-
tion systems. The analysis is based on an exact analytic ex-
pression for the bit error probability. Secondly, a Gaussian
approximation is introduced which allows an accurate, and
simple analysis for arbitrary optical filter shapes in com-
bination with a wider class of clectrical postdetection fil-
ters. It is shown that an equalizing clectrical postdetection
filter may make a significant improvement in performance.
Moreover, a proper combination of optical filter 3-dB band-
width and electrical equalizing postdetection allows the use
of narrower optical filtering. This may be of relevance in
dense wavelength division multiplexing (DWDM) systeims
with closcly spaced channels.

Goran Einarsson is with the Royal Institute of Technology, Telecom-
munication Theory, Dept. of Signals, Sensors and Systems, Stock-
holm, Sweden.

Idelfonso Talur Monroy is with the Eindhoven University of Tech-
nology, Telecommunications Technology and Electromagnetics, Eind-
hoven, The Netherlands.

The rest of the paper if organized as follows. Scction 11
introduces the receiver model under investigation. The per-
formance analysis and the strategies for equalizing postde-
tection are explained in See. T A Gaussian approxima-
tion to the performance analysis, and how it can be used for
the analysis of receivers incorporating an arbitrary optical
and clectrical postdetection filter is introduced in Sec. V.
Finally, summarizing conclusions are drawn in Sec. V.

1I. SYSTEM MODEL

A block diagram of an optically preamplified receiver is
shown in Figure 1. The optical and postdetection filter are
denoted by Hy, and H., respectively. Their impulse re-
sponses are, accordingly, denoted by hy (t), and ho(t). The
optical field signal, in equivalent lowpass representation, at
the output of the optical filter H; is

Z(t) =[SO + X(®)] x ()] = Si() + Xa(1), (1)

where * denotes convolution, the envelope (modulation) of
the optical signal is S(¢), and X (¢) represents the sponta-
neous cuission noise from the optical amplifier.

The response of the photodetector depends on the ran-
dom optical intensity T(t) = |Z(t)]*/2. The decision is
basced on the output V(¢) from the postdetection filter Ha,
sampled at time 7', the end of the symbol interval. If the
photon intensity T'(t) is a deterministic function, then the
moment-generating function (MGF) for V(T) is, [1]: eqn
(5.111),

G

Wy (s) = cxp[/ () (exp[sha(t — 7)] — 1) d7] (2)

—0C

However, I'(t) is random and V(t) is a doubly stochastic
process whose MGF is obtained by forming a statistical
average with respect to I'(¢). For the important special
case when hy(t) is an integrate-and-dump filter

1; 0<t<T
ha(t) = (3)

0 ; otherwise,

acting as a photoclectron counter, V(T') is equal to the
number N of photoclectrons observed in the bit time in-
terval [0, 7). The expression for the MGE then simplifies
to

744
Py (s) = Elcexp / I(t)(e® — 1)dt
0

EfexplM(e* — 1]}, @
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Fig. 1. A preamplilied receiver with optical

where M is the average optical intensity

7 i 1 T " .
M =/U T(t)dt = 5/0 |Z()|2dt. (5)

For a photodetector (PIN diode) with quantum efficiency
n the output photoclectron intensity is cequal to I'(t) mul-
tiplied by 7 and (4) is equal to

Py (5) = P a(nfe” —1]), (6)

with W (s) the MGTF of M.

A photodetector dark current of intensity vy adds an
independent Poisson process to V(¢). Thermal noise in the
decision cirenit is an independent Gaussian process and the
complete MGF has the form

By (s) = aq(nle® — 1) explraT (¢ = D] exp(s*a? /2), (7)

with 0% the variance of the thermal noise.

For an integrating postdetection filter the statistics of the
decision variable is determined by the integral (5) of a non-
stationary and non-Gaussian random process I'(t). A stan-
dard procedure for the analysis is to expand the stochastic
process Z(t) into a scries with orthogonal cocfficients, a
Karhunen-Loeve expansion. This approach has been used
by [2,3] and [4], among others. It requires the solution of
an integral equation and the results are expressed in terms
of infinite scries.

II1. PERFORMANCE ANALYSIS
A. Fabry-Perot Filter

A Fabry-Perot (F-P) or Lorentzian filter has the impulse
response

V2pe ;. £>0
/M (f) = (8)
0% t<0

The 3-dB filter bandwidth By, = /7.
The filter output 4, (¢) for a rectangular (non-return-to-
zero) input signal of amplitude A is

Al —e 8 0£t<T
Aty = 9)
AletT = 1)e#t ; t>T

It is shown in Figure 2.
An explicit expression for the the MGF of the decision
variable for an optical system with a Fabry-Perot optical

H, NSa

bandpass filter Ty and postdetection filter FTo.

filter and an integrating postdetection filter has been pre-
sented by Tafur and Binarsson [5]. The MGF for the optical
intensity variable (5) has the form

U ar(s) = [D(s)] " exp[F(s)], (10)
where D(s) is the Fredholm determinant representing the
system noise.

_ (,” . ])'_’(,,L'u _ (’U _ 1)2(,—vu
- dvet ’

where v = /1 —2Nys and u = uT. -
It is convenient in the further analysis to consider the
MGF for a signal of the form

D(s) (11)

Si(t) = A(co + pe™). (12)
The function F(s) is then

F(s) = ZE(3R(9) + copBa(s) + PR (13)

with Fy(s), Fa(s), and Fy(s) given at the top of next page.
In (13) the number of received photons is denoted by m. It
is assumed that a lincar polarizer is used to reduce the ASE
noise. The analysis applies to a receiver without polarizer
after a slight generalization, cf. [4].
B. Intersymbol Interference

Let ¢ = {0,1} be a transmitted sequence of binary sym-
bols where k& = 0 denotes the symbol under detection lo-
cated in the time interval [0, 7] and & > 1 are symbols of
previous intervals [—kT, (—k + 1)T). For a F-P filter IST is
caused by previous data symbols only and the optical field
signal at the output of the optical filter is

Si(t) = eodi(t)+ Y cudi(t +£T)

k=1
= coA(l— e M)+ ) cpd(e—1)ew(HRD)
k=1
(14)
This can be expressed as S (t) = A(co + pe ) with
p={(c*=-1) Z ere” — gy (15)
k=1

The relation (15) shows that, for a F-P filter, the effect of
ISI is controlled by the real valued parameter —1 < p < 1.

2 '.‘.’J z
Fi(s) = us+ us Mo

45 No{2 — [(v + 1)t —

s

(v—1)e "]}

2

U:’[(U + 1)2(1"“ _ (U _ 1)‘2",’—Uu]

Fa(s) = 2s {1 -

4 — 25Np[(v + 2)ev™ — (v — 2)e VY]
’U{(U + 1)2,)Lru. — (’I) — 1)2[)-uu]

Fi(s) = s {% 4

The MGF of the exact and complete distribution for the
decision variable, including ISI, is obtained by forming the
average of Wy (s) or ¥ 4(s) with respect to p

T(s) =D P(p)¥(s, p). (16)
P

The probability distribution for p is readily determined as-
suming that the data symbols ¢, are independent and tak-
ing values {0,1} with equal probability. For a F-P filter
the ISI is dominated by a few preceding symbols and a
very limited number of terms need to be included in (16).

C. Quantun Limit

The sensitivity of an optical recciver under ideal condi-
tions is often expressed as a quantum limit, defined as the
minimal number of received photons per transmitted bit,
needed to achieve a bit crror probability not greater than
107%. Figure 3 shows the quantum limit for a fixed thresh-
old receiver as a tunction of the F-P filter 3-dB bandwidth.
The curve is calenlated by a saddlepoint approximation
based on (16). The average number of received photons for
a transmitted “one” is denoted by my. The optimal filter
bandwidth is By 7 = 7.5 yielding a quantum limit of 49.8
photons per bit.

The quantum limit for single symbol transmission is
shown as the dashed curve in Figure 3. It constitutes a
lower bound on the quantum limit for an optical preampli-
fier receiver with a Fabry-Perot optical filter.

D. Modified postdetection filter

A well known method for reduction of the effect of ISI is
to design the detector filter as an equalizer. Such a filter
modifics the received signal in such a way that the influence
between signals is reduced.

The IST generated by a F-P filter is present in the be-
ginning of the signal interval, as illustrated in Figure 2. A
simple modification of the postdetection filter for improved
performance is to let the integrating filter disregard a small
time interval [0, 277 at the beginning of the signal interval,
where the ISI is most severe.

The decision variable is now; ¢f. (5)

T 1 T 5
M, = /J L(t)dt = §[T |Z(#)|2dt. (17)

The performance of an optical receiver with an optical F -
P filter and a restricted integrating postdetection filter is

sNg(eP™) — e — [(u — 1)e¥™ + (v + L)e™vY]
(’U i 1)2({L'u — (’U = I)Z(J—Uu

casy to analyze. A change in the integration variable gives
the relation
1 |
/ (co + pe~ ) ds = / (co + pe~ )2 ds, (18)
0
where p = pe™ and @ = u(1 — ), which means that the
analysis derived for the standard filter can be used for the
modified filter also. The number of received photons is
reduced from m to m(1 — ) which combined with simple
transformations of the parameters p and u produces the
results for the modified filter.

The guantum limit for a receiver with a modified post-
detection filter is shown in Figure 3. A suitable relation for
the parameter € turned out to be e = 0.4/B;T. The mod-
ified filter should be used in combination with an optical
filter of bandwidth By T = 3.7 resulting in a quantum limit
of 44.9 photons per bit. This agrees with the results by S.
R. Chinn [6]. The improvement is mainly due to the lower
filter bandwidth which reduces the amount of ASE at the
filter output. The possibility of using narrower optical fil-
ters is of interest in dense wavelength division multiplexing
(DWDM) systems with closely spaced chamnels. A postde-
tection filter with restricted integration is not an optimal
cqualizer but comparison with the lower bound in Figure 3
indicates that it works well.
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Pig. 2. The output signal [rom a Fabry-Perot filter with band-
width By, = 5/T for a rectangular input signal. Intersymbol in-
terference is indicated by the dotted curve.
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Fig. 3. Quantum limit for a receiver with Fabry-Perot optical filter as
a (unction of B T. (a) Ordinary integrating postdetection filter.
(b) Modified filter (equalizer). (c) A lower bound, neglecting
intersymbol interference.

IV. GAUSSIAN APPROXIMATION

The Gaussian approximation is simpler than an exact
evaluation based on the true statistics of the decision vari-
able. Tt can be applied to an arbitrary optical filter and
the effect of an arbitrary postdetection filter can casily be
included in the analysis.

The decision is based on the output V(¢) from the post
detector filter Hy, sampled at time 7', the end of the symbol
interval. The Gaussian approximation requires the mean
and variance of V(T) for the “one” and “zero™ signal con-
ditions. Expressions for these gquantities are presented in
[5]. For a real valued received signal Sy (t) and an optical
filter with a real valued impulse response

E{V} = ’—2’/

—o¢

PO

[S2(t) + 20 (0)]u(t)dt (19)

and

Var{V} = 2 /fx/ [S1(8)S1 (t)r(s, ) +1%(s,1)]

v(s)v(t)dsdt + g /

—00

[S2(t) + 2r(0)]o?(t)dt,
(20)

where v(t) = ho(T — t) is the weight function of the post-
detection filter.

The function (s, t) is the antocorrelation function of the
noise at the optical filter output and the parameter 7 is the
quantum cfficiency of the photodetector.

A. Fabry-Perot Optical Filter

For a Gaussian approximation analysis of an optical sys-
tem with F-P filter the integrals in (19) and (20) is eval-
uated for the signal S;(t) = A(cy + pe ™) introduced in

Tig. 4. Quantum limit for a receiver with Fabry-Perot optical (il-
ter calculated by the Gaussian approximation. (a) Upper bound
based on a worst case IST analysis. Ordinary integrating postde-
tection filter. (b) Upper bound for receiver with modified filter
(equalizer). (c) A lower bound, neglecting intersymbol interfer-
ence.

(12). For the special case when the postdetection filter
function v(t) = 1 for 0 < ¢t < T and zero elsewhere, after
substitution of Ny = ng, (G — 1), see [5],

E{V} = mnG[2uc} + 4eop(l — ™)
+ P21 = e 2)]/2u + ynep(G — Du/2
(21)
and
Var{V} = m’n,G(G-1)

[2eople™%+3 — (2u + 4)e™ )
+ 4G (e 4 u—1)+p%(1 = (2u + 1)e )] /2u
+  [msp(G = D[ + 20— 1)/8 + E{V},
(22)

where m is the (average) number of rececived photons.

The Gaussian approximation estimate of the transmis-
sion error probability is obtained from the standard rela-
tion, sce i.c. [1],

1 >
Py = PV exp(=r-/2) (23)

with r cqual to the signal-to-noise ratio

E‘—EU
r= ——,
a1 — gy

(24)

in which E; ¢ is the mean valuce of the receiver decision
variable for a received symbol “one”, and “zero”. respec-
tively. The standard deviation is denoted, accordingly, as
01,0- A comparison with the crror probability calculated
by the saddlepoint approximation shows that the Gaussian

v(t)

_1 i 1 1 1
0 02 04 06 08 1

YT

Fig. 5. Weight function for an equalizing postdetection filter derived
from an optimal [ilter [or the Poisson channel. The dashed curve
indicates the weight function of a restricted integration equalizer
with e = 0.4/B,,T.

approximation gives a reliable estimate of the crror proba-
bility. As an example, for a receiver with a F-P filter having
a 3-dB bandwidth bit-time product BT = 5, gain G = 100
and spontancous cmission factor ng, = 1.5. The bit crror
probability calculated by the Ganssian approximation is
P, =1.33 x 107 to be compared with P, = 7.95 x 107
from the true distribution using a saddlepoint approxima-
tion. A discussion of the properties of the Gaussian ap-
proximation can be found in [7].

B. Intersymbol Interference

The Gaussian approximation can be used to estimate up-
per and lower bounds on the degradation of crror probabil-
ity caused by ISL. A lower bound is obtained by considering
single symbol transmission and an upper bound by a worst
case analysis.

In (14) the signals are added coherently. A more realistic
assumption is that signals from different data synibols adds
non-coherently which means power addition. Assume that
the phases of the signals reccived in different time-slots take
random and independent values in relation to the received
signal Sy (t) in the bit interval under detection(k = 0). The
signal at the output of the optical filter is

Si(t) = codi(t) + D cxed® Ay (t + KT) (25)

k=1

The parameters ¢g are independent random variables, uni-
formly distributed in [0, 27].

Substitution of (9) into (25) and taking the average with

o

respect to ¢y gives

E{Si()S1(8)] = AZeg(l— e #)(1 — e~Ht)
4 AT 1) Z e HEHRT) —p(L+KT)
k=1

(26)

In a worst case ISI analysis the interfering symbols ¢, are
zero for all k > 1 making S, (t) = A, (¢), for a binary “one”
transmitted (¢g = 1). For a transmitted “zero” (¢ = 0)
the parameters ¢ are set equal to one for all & > 1 corre-
sponding to maximal ISL. The swinmation in (26) can then
be evaluated and for ¢y =0

AzwﬂT _ 1)30—;4(a+1‘)
enT 1

E{Si(s)51(1)} = (27)

From (27) follows that for non-coherent ISI, a worst case
analysis corresponds to a paramcter

(28)

Upper and lower bounds on the quantum limit calculated
by the Gaunssian approximation as a function of the F-P
filter bandwidth are shown in Figure 4. The lower bound
is single signal transmission and the upper bound is from
a worst case analysis as descried above. Also shown is the
reduced upper bound produced by a modified postdetection
filter.
C. Modified postdetection filter

The effect of an arbitrary postdetection filter can be es-
timated by the Gaussian approximation. As an example
consider a filter function of the form v(t) = [Ty (¢) /Ty ()]

inspired by the optimum filter for direct detection, of. [1]:
cqn (5.149),

{1—e 9% + gy

o(t) = Cln T
50

. (29)

where go represents the background (ASE) noise and C is a
normalizing constant. The appcarance of v(t) for gy = 0.1,
which turns out to be a suitable value at By, = 5/T, is
shown in Figure 5. Substitution of (29) into (19) and (20)
using numerical integration results in P, = 1.09 x 1079 for
a system with my = 100, G = 100, and ny, = 1.5 which
is better than obtained by a restricted integration filter
vielding P, = 1.42 x 1079,

V. CONCLUSIONS

This paper presents a simple analytical approach to the
analysis of optically preamplified receivers. A receiver us-
ing a Fabry-Perot optical filter is implicitly incorporated in
the analysis. It is shown that by using clectrical equaliz-
ing postdetection a significant improvement in performance
can be achieved. Morcover, it is also shown that a proper
combination of the optical filter 3-dB bandwidth together




with equalizing postdetection allows the use of narrower op-
tical filters: which is of relevance in DWDM systems with
closely spaced channels. Finally, a Gaussian approximation
to the performance analysis is introduced. This approxima-
tion, which is numerically simple and gives accurate results,
makes casy the finding of the optimum 3-dB bandwidth of
the optical filter for reccivers with an arbitrary optical filter
shape and with arbitrary clectrical postdetection filtering,.
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On Analytical Expressions for the
Distribution of the Filtered Output of
Square Envelope Receivers
Idelfonso Tafur Monroy, Student Member, IEEE

Abstracl— Closed form expressions for the moment gener-
ating function (MGF) of the filtered output of square enve-
lope receivers with signal and colored Gaussian noise input
are derived. The informative signal is a binary sequence
of rectangular pulses. The considered Gaussian processes
are: the Wiener process, a Gaussian process with linear
covariance (moving average), and the Ornstein-Uhlenbeck
process. The derived MGFs are then applied to the prob-
lem of finding the quantum limit for optically preamplified,
direct detection receivers.

Keywords— Communication theory, envelope receivers, er-
ror analysis, optical communication, preamplified receivers.

I. INTRODUCTION

Determining the distribution of the output of square
envelope receivers with  colored Gaussian noise  input
constitutes a classic problem in communication theory;
see e.g. [1-5]. Although the mathematical formalism for
determining the statistics of the output of such receivers is
well known, c.g. [1,3,5,6], deriving closed form expressions
for the distribution is a complex task. Morcover, if both
signal and noise are present at the input, this task becomes
even more formidable.  For the case of noise only input
expressions for the moment gencrating function (MGF)
and analytical approximations to the probability density
function have been reported for several covariance kernels,
e.g. [3,5,7]. For both signal and noise being present at
the input closed form expressions for the distribution are
scarcely documented in the literature. In this letter, closed
form expression for the MGF are derived for the case of
an input informative signal composed of a binary sequence
of rectangular pulses. The considered Gaussian processes
are: the Wicner process, a Gaussian process with lincar
covariance (moving average), and the Ornstein-Uhlenbeck
process.

The remain of this letter is structured as follow: in Sec. 1T
the system model to be discussed is presented. The mathe-
matical formalism to obtain closed form expressions for the
MGF of the receiver’s output is also deseribed. Closed for
expressions for the MGF for the the considered Gaussian
processes are derived in See. 11 Section 1V is devoted to
the application of the derived MGFs to find the quantum
limit for optically preamplified, direct detection receivers.
Finally, summarizing conclusions are presented in Sce. V.
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II. SYSTEM MODEL

In this scction we present the reference model for the
system under investigation.  The receiver schematic dia-
gram is presented in Fig. 1. This receiver has the clas-
sic configuration of pre-detection filter 7(¢), square enve-
lope detector and post-detection filter. The input is an in-
formative signal corrupted by an additive white Gaussian
noise (AWGN) n(t) with spectral density parameter Ny.
In the sequel, equivalent bandpass representation of signal
and noise is assumed. The incoming signal is a binary sc-
quence of rectangular pulses S(t). For a given bit pattern,
B = (- ,b_1,by,by,--+), at the output of the filter r(t)
the signal is given by

Y(t) = S(t)*r(t)

_ ¢ghﬂm+z}uu—wﬂ

k#0

(1

where:
r(t) is the pre-detection filter impulse response,
1(t) = g(t) *r(t), in which x denotes convolution.
¢(t) is unit rectangular pulse of duration 7',
by, € {0, 1} are statistically binary symbols representing
a data “zero” and a “one” | respectively.
m is the energy content of the signal S(t) in a bit-
duration time interval: m = %fUT [S(t)]dt.
At the pre-detection filter output the resultant colored
Gaussian noise is denoted by X (t), whose in-phase and
quadrature components have zero mean and autocovari-
ance

K{r) = %R(T): Rir) = / r(t)r (t +7)dt, (2)

where % means complex conjugate.

With the above notations the input of the square enve-
lope detector becomes: B(t) = Y () + X (¢). If we consider
and integrate-and-dump post-detection filter, then the re-
ceiver’s output is given by

T
A:AIH0+XMHM (3)

The general mathematical form for the MGF of A, M (s) =
E{e*M}, is well known, c.g. [1,7]
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Fig. 1. Square envelope receiver

where y, = ]UT Y (#) fr(t)dt. The sct of orthonormal func-

tions { f, } arc the cigenfunctions and A, are the cigenvalues
of the integral equation

T
/K(f-,").f'n(tl)du:/\nfn(t), 0<t<T, (5

Jo
in which K(t,u) is the covariance kernel of the process
X (t). Let h(t,u; s;7) stand for the resolvent kernel associ-
ated with the integral equation (5). The MGF in (4) can
be represented in terms of the resolvent kernel as [7]
Ma(s) = [D(5)]7" exp[F(s)], (6)
where
T T T
F(s):,s/ |Y(f)]‘“)dt+sz/ / Y ()t w; s: T)Y (u)dtdu,
0 Jo Jo
(7)

and D(s), also called the Fredholm determinant., is given

by
s T
D(s) = exp |:/ / h(t, t;v: T)dtdv
o Jo

II1. MOMENT GENERATING FUNCTION

(8)

In this scction, closed form expressions for Ma(s) are
presented for three different Gaussian processes.
Case 1 The Wiener process
Suppose that r(t) is the (normalized) impulse response of
an integrate-and-dump filter, then

X} = /% r(t — s)n(s)ds,
0

L wew

The process X(t) is the Wiener process which has covari-
ance given by

Ny
K(t,u) / / (t — u)dtdu = me(f u). (10)

As one can observe from the character of r(¢), the integrate-
and-dump filter does not introduce intersymbol interfer-
ence (ISI). The resulting expression for the MGF is (sce

Appendix A for a derivation)

m o om tan(yv/Nos)
No ' No  /Nos
Case 2 Gaussian process with linear covariance
Let »#(t) be a finite-time bandpass integrator (moving av-
crage) whose impulse response is given by

& 0<t<T
)= = = (12)
0 otherwise.

My (s) = cos(\/Nos) (xp[ ] (11)

The covariance kernel of X (t) is the triangular function

(lincar covariance [5])

Mg By g
Ri=A 7 (1-5) o<is< (13)
0 otherwise.

The analysis for the observation time [0, 7] shows that the
MGTF for A is of the same character as (11). As already re-
ported in [5], it can be derived from Eq. 11 by substitution

of /5 by v/2s. The result is

- m.oom tan(y/2Nps)
Mz(s) = cos(\/2Nys > + —
7(s) = cos(v/2Ngps) (\p{ N s )

In contradistinction to the integrate-and-dump filter the
finite-duration integrator introduces ISI. Communication is
only possible if the observation time is shifted from [0, 7]
to [%, 5], For this type of filter only a single past and
one succeeding bit produce ISI on the present transmitted
bit. Hence the bit sequence of interest is: B = (b_1, by, by).
The expression for F'(s) is given by

3

m[b3H; (3)+ (b 1bo+boby ) Ha(s)+ (02 +03) Ha(s)]
4Ng cos () i
(14)

F(.ﬂ:):

with

Hi(s) = sine(3)(5Nos+4)—2sine(8/2)(Ngs + 1)
—2cos(3/2)

Hy(s) = sine(8)(Nos —4)— sine(3/2)(Nos — 2)
+2cos(3/2)

Hi(s) = sine(B8)(Nos/2 + 2) — sine(3/2) — cos (8/2),

where 8 = /2Ngs, and sinc(z) = sin(z)/x . The Fredholm
determinant is given by D(s) = cos (\/ZNUS). Appendix B
explains the derivation of (15).

Case 3 The Ornstein-Uhlenbeck process

If r(¢) is the impulse response of the Lorentzian filter:

= V2pue 1, >4, (15)

then the process X (t) is the so called Ornstein-Uhlenbeck
process with covariance given by

K(r) = pe= 71, T2>0. (16)
The information signal for ¢ € [0, T] is given by

Y()= 2m [b - m] p=(c"T—1) wa,bm b

k=—00

The Lorentzian filter is a causal filter; hence when study-
ing the effect of ISI only a sequence of previous bits
with respect to the present transmitted bit by is treated:
B =(--b_y,b_1,b). In practice only a small number of
previous bit is considered [8]. For this case the resolvent
kernel is well known e.g. [5,7]. The closed form expression
for My (s) and its detailed derivation has been reported
in an carlier paper by the (co)author [8]. The resulting
expressions for D(s) and F(s) are presented heve:

2m@G ,
F(s) = l”' (B2F1(s) + bopFa(s) + p*Fs(s)],  (17)
where
B = e BT
¢

4s%0” (2 = [(v + 1)eT — (v — 1)e=#T])
v [(v 4 1)2e8T — (v — 1)2e~PAT] ’
4 —250%[(v +2)e?T — (v — 2)e 7T
v[(v+1)2e7T — (v — 1)2e7T] } ’
L a?s(efT—e ‘jT)—[('Uf1)(a’jT+(U+1)(e"jT]
N [(o+ 1)2e/T —(v— 1)2e#T) }

v1-2062, §=uvu.

(v+1)2ePT — (v —
JoenrT

Fy(s) = 2s [1 =

Fy(s)= s [

in which v =

1)2()—13’7‘

D) = (18)
The mean and the variance of Z can be found from the
properties of the MGF. Namely, from the first and sccond
derivative of the MGF evaluated at s = 0 [9]. The mean
and the variance of Z can also be expressed in terms of the
covariance kernel without the knowledge of the MGF [8].
The validity of the previous derived MGFs has been tested
by confirming that the mean and the variance obtained
by both methods are identical. Moreover, if only noise is
present, then the MGF is given only in terms of the Fred-
holm determinant D(s) and their expressions are in agree-
ment with those already known in the literature c.g., [5,7].

APPLICATIONS

In this section we applied the derived MGFs to determine
the quantum limit for optically preamplified, On-Off keying
(OOK) direct detection receivers. The schematic diagram
of such a recciver is illustrated in Fig. 2. The preampli-
fier is an EDFA (erbium-doped fiber amplifier) which is

modeled as lincar optical ficld amplifier with gain G and
AWGN noise n(t) representing the ASE (amplified spon-
tancous cnission) noise. The spectral parameter of n(t) is
given by Ny = ng, (G — 1)hv, where ng, is the amplifier
spontancous emission factor, h is the Planck’s constant,
and v optical frequency. An optical filter r(t) is used to
limit the cffect of ASE on the system performance, and in
the case of WDM (wavelength division multiplexing) sys-
tems to sclect the desived channel.
By introducing a proper normalization (see [8]) m repre-
sents the average number of photons contained in an optical
signal S(¢) for a transmitted binary “one”. The spectral
paramcter of nu(t) is then given by Ny = ng, (G — 1), At
the output of the photodetector the photocurrent is directly
proportional to the square magnitude of the received opti-
cal field. Further, the photocurrent is filtered and sampled
to form the decision variable Z. Thus, the analysis of opti-
cally preamplified, OOK direct detection receivers (Fig. 2),
is an example of the classic communication situation of
square envelope detectors followed by filtering with colored
Gaussian input. Assume that the postdetection filter is an
integrate-and-dump filter. The MGF for the receiver deci-
sion variable Z is then given by Mz (s) = Ma(e®—1), where
A is the so-called Poisson parameter (c.f (3)) c.g., [8. 10].
Agsuming independent, equally likely binary symbols the
average error probability is given by

- i

Py= E[hb{[ (Z < alppy=1) + P(Z > alppy=0)}] (
Based on the MGF for the decision variable Z, crror
probabilitics are expeditiously computed by the so-called
saddlepoint approximation.  For further details on the
saddlepoint approximation sce [7.11], and [8] for an ap-
plication to performance analysis of optically preamplified
receivers.

In optical communications, the (standard), gquantum
limit is defined as the average number of photons per bit in
thv ()])fi(dl sig,ndl 9'( ) ncvd(d to d(hie\ ¢ a bit error p!ol)~

for a 1)1 camplified receiver means tlmt a l(ll ge C is daaumcd.
Suppose we have optical filters described by the impulse re-
sponses (equivalent bascband representation) of cases 1-3
(Egs. 9,12,15). The above derived MGFs for these cases
can then be used (substituting m »—) mG to account for
amplification, and with Ny = 1,,(G — 1)) to find the cor-
responding quantum limits. In Tal)lu I are presented the
obtained results. For comparison, the quantum limit for
the situation when the optical signal is assumed to pass
the optical filter undistorted and that X (t) is Gaussian
bandlimited (ideal bandpass filter) is also included. When
the effect of optical filtering is taken into account penalties
are obscrved compared to the case assuming ideal band-
pass filtering. For the analyzed optical filters this penalty
in the quantum limit is at least of eight photons per bit.
It should be noted that of the considered optical filters
only the Lorentzian filter (case 3) represents practical in-
terest. Widely used in optical transmission systeims Fabry-
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Optical filter type [ Quantum limit |

Ideal situation 38.4 [11]

Integrate-and-dump 46.3

Finite-time Bandpass Integrator 59.6

Lorentzian, Optimal p7 =7 49.9
TABLE T

QUANTUM LIMIT FOR OPTICALLY PREAMPLIFIED OOK DIRECT
DETECTION. G = 100 AND ngp = 1.

Perot filters are well deseribed by the Lorentzian impulse
response of Eq. 15. We observe also that there exists an
optimum bandwidth bit-time product BT = pT'/7, the
reason being a trade off between ISI and ASE noise (sce
Table I).

V. CONCLUSIONS

Closed form expressions, believed to be new, for the
MGF of the filtered output of square envelope receivers
with signal and colored Gaussian noise have been derived.
The Wiener process, a Gaussian process with lincar covari-
ance and the Ornstein-Uhlenbeck process are considered.
The informative signal is a binary scquence of rectangular
pulses. We present an application of the derived MGFs in
the performance analysis of optically preamplified, direct
detection receivers.

APPENDICES

A.  Derivation of the MGF: case 1

For the covariance function given by Eq. 10 the resolvent
kernel is given by [5]

D(t, u; 55 7) = —[sin(St) cos(Bu) —H(t —u) sin(Bt) cos(Su)] +

hy
9 9

+ qé—; sin(/3t) sin( Bu) + H(t — u)g cos(t) sin(fu), (20)

i

he ha
where 6% = Ny /T2, 8= Vo3ls ,

0 t<u

g =tan(AT), and 6{t —u) = { 1 #5m

We perform integration in Eq. 7 first with respect to to ¢
and with respect to u.

T i i
Y — Y*(u)/ h(t,u; s; T)Y (t)dt du,
0 Jo
T2
4 i
5 = / Y8l +Y (), + Y (8)hy dt
JO Sm—— S\ Y=
@ b o4
in which Y (t) = "’74'1‘ = At. Solving the integrals a,b, ¢

we get:

o*u o sin(Bu)

Iy = —A—4 A~
- A 32 3% cos(8T)

Subsequently,

T . 2 4202
L = ! ;lul-_)(I'u:a—l"T"‘%;-i——‘ 7 (tan(BT) — BT).
i ‘ ‘
F(s) = s/ [V (t)[*d + s° I, resulting in
J0

_m . m tan(yv/Nos)
Ny No VNys

The Fredholm determinant is given by (see Eq. 8)

F(s) = (21)

s

D(s) = (‘xp{/u %tiill(UTﬁ}dl! = cos( v/ Nos). (22)

A result already obtained in [5] and references therein.

B.  Derivation of the MGF: case 2

For the covariance kernel given in (13) and an observa-
tion interval [—=7"/2, T /2], the resolvent kernel is presented
in [5]. If the observation time is extended to [0, 27, then
the resultant resolvent kernels is given by

N A(t—1 Blt—

Wt w5, T)= T; [tau d('os[—-(T—u)]wsin[%]J ; (23)
with 3 = /2Nys. The MGF is found by performing in-
tegration in (7) and (8) with the proper integration limits
and the corresponding expression for Y (¢). The algebraic
procedure is similar to that presented in Appendix A.

{1]

2]
(3]
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An Optically Preamplified Receiver with Low Quantum Limit

Idelfonso Tafur Monroy

Abstract— An optically preamplified receiver configuration
resulting in a very low quantum limit is presented.
Indezing terms: Optical communications, quantum limit,
noise analysis, preampified receiver, optical amplifier.

Introduction: Optical amplifiers are proven to efficiently
enhance the receiver sensitivity of optical communication
systems. In optical communications it is of common prac-
tice to compare the systems ultimate sensitivity in terms
of the quantum limit. The (standard) quantwmn limit is de-
fined as the average number of photons per bit in the opti-
cal signal needed to achieve a bit-crror probability of 107
assuming ideal detection conditions, which for a preampli-
fied receiver means that a large amplifier gain is assumed.
In this paper we firstly summarize the results on the gquan-
tum limit for different optically preamplified, OOK/DD
receivers presented in the literature.  Subsequently, we
present a receiver scheme foreseen to outperform previously
studied configurations.

Systemn model: The schematic diagram of the studicd
receiver is illustrated in Fig. 1. The preamplifier is an
EDFA (erbium-doped fiber amplifier) which is modeled as
linear optical field amplifier with gain G and AWG (addi-
tive white Gaussian) noise n(t) representing the ASE (am-
plified spontancous cmission) noise. The spectral param-
cter of n(t) is given by No = n,(G — 1)hw, where ng), is
the amplifier spontancous emission factor, b is the Planck’s
constant, and v optical frequency. An optical filter #(¢) is
used to limit the effect of ASE on the system performance,
and in the case of WDM (wavelength division multiplex-
ing) systems, to select the desired channel. The incoming
signal is a binary sequence of rectangular pulses S(t). At
the output of the filter 7(¢) and the signal is denoted by
Y (t) the resultant colored Gaussian noise by X (t). With
the above notations the incident optical field on the pho-
todetector becomes: B(t) = Y (t) + X (¢). The optical filter
is a finite-time integrator over the bit duration time [0, 7]
whose impulse response »(t) is given by

1
() = J T
r(t) {0’

The postdetection filter is assumed to be an integrate-and-
dump filter. The integration interval I is chosen to be
[T —dT/2,T + dT/2]. The parameter d is going to be se-
lected so that it yiclds the lowest bit-crror probability.

0<t<T

otherwise.

(1)

Performance Analysis: For the performance analysis we
need a complete statistical description of the receiver de-
cision variable. The moment generating function (MGEF)

Tindhoven University of Technology,Telecommunications Technol-
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Fig. 1. Optically preamplified OOK receiver

provides us with such statistical information. The MGF
for the receiver decision variable Z is given by Mz(s) =
My(e® — 1), where A is the so-called Poisson parame-
ter [1]. For an integrate-and-dump post-detection filter
A=1 [, Y (t)+X(t)]*dt. Based on the MGF for the deci-
sion variable Z, error probabilitics are expeditiously com-
puted by the so-called saddlepoint approximation {2, 3].

The general mathematical form for the MGFEF of A,
Ma(s) = E{es}, is well known, c.g. [2] and can be repre-
sented as

My (s) = [D(s)]" " exp[F(s)], (2)

where F(s) and D(s) are found by solving the so-called
Fredhohn integral equations, e.g., [2.4]. For the present
case we have that

F(s) = mG[byH;(s)+(b_1by+boby) Ha(s)

HO2y +01) Hy(s)], (3)
with
H(s) =
H(s) = 3 [dsin 3 — dsinz — d* sin 3/2)
Beosf
cosx ) o

o m[bm @ — sin 3]

Hy(s) — [sd? sin 3/4

¥

1
——(dB cosa/2+sin f—sin )
=

where m is the number of received photons in an opti-
cal pulse for a transmitted symbol “one”. The parameter
0% = ngy(G —1), B = V203, and & = B(1 — d/2). The

d
Fredhohn determinant is given by D(s) = cos (\/ 202.5-) y
We observe that for this receiver configuration only a single
past and one succeeding bit (with respect ot the present
observed bit by) produce intersymbol interference on the

present transmitted bit. Hence the bit sequence of interest
is (b_y, by, by).




L()ptiml filter type [ Quantum linit |

Match filter 38.4 3,5]
Integrate-and-dump 46.3 [6]“
Lorentzian, Optimal BygpT =7 49.9 [4]¢
Lorentzian, Optimal ByypT = 3.7 44.5 [5)°
Finite-time integrator 59.6 (Fig. 2)*
Finite-time integrator 16.2 (Fig. 2)°

TABLE T
Quantum limit for optically preamplified OOK/DD receivers.

Postdetection integration interval a): regular [0, 7], b) : optimized.

A plot of the quantum limit as a function of the integra-
tion interval dT is presented in Fig. 2. We observe that
the lowest quantum limit is 16.2 photons/bit for a factor
d = 0.12 and a valuc of G = 20 dB. If the value of G is
large and the integration interval dT is made small and op-
timized (yielding the lowest error probability) the proposed
receiver scheme has a lower quantum limit compare to the
previously studied configurations; sce Table 1. In Table 1
is presented the reported quantum limit for preamplified
receivers with different optical filters. The match filter sit-
uation is the case when the optical signal is assumed to
pass the optical filter undistorted and that X (¢) is Gans-
sian band-limited (ideal bandpass filter assumed).

Gaussian approzimation: The error probabilitics may also
be computed by using the common Ganssian approxima-
tion for the statistics for the receiver decision variable. This
approximation requires the mean Ex and variance Vary to
be known. The mean and variance of A can be found cither
by using the propertics of the MGF or by solving a sct of
integrals involving Y (¢) and the autocorrelation function
of X(t) [4]. The resultant expressions arc:

Ex = mG[bf,(?d —d®+d?/6) + (b_y + by Yd* /12
+(b_1by + bibo)(d* /2 — d*/6)] + o*d (4)
4 b2 . ; :
Vary = 7,100—{%(24&# — 160d® — 24° + 35d")

(b_1by + bibg)
120
(2, +0) 0
! SRS 5 Sd = ") e l 4
+ 510 (15d" — 2d”)] + 30 ¢ (5)

(60d* + 2d° — 25d")

In Fig. 2 is displayed the result of the Gaussian approx-
imation for the guantum limit (dotted line). The mini-
mum value is 24.8 photons/bit for an integration interval
g =012;

Summary: We have shown that if the optical filter is
a finite-time integrator and the postdetection filter an in-
tegrator over a small interval centered around the end of
cach bit interval a quantum limit of 16.2 photons/bit can
be achieved. Although a finite-time integrator optical filter
(corresponding to a filter with a sine shaped transfer func-
tion) is probably difficult to realize, the presented receiver
configuration outperforms previously studied schemes (Ta-
ble T). An interesting question, open for study. is which

@
Q

Saddlepoint

AAAAAAA Gaussian approx.

a
Q

Quantum limit, photons/bit
&
Q
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a
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Fig. 2. Quantum limit as a function of the integration interval d

value constitutes the ultimate theoretical lowest quantum
limit for optically preamplificd OOK/DD receivers.
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Chapter 6

Crosstalk in Optical Networks

This part of the thesis presents an extensive study of interferometric crosstalk in WDM
optical networks. A statistical description is given, and ways to reduce its effects on the
performance of WDM systems are outlined. This chapter is intended as an introduction to
the general context of the papers included. Firstly, we describe the crosstalk mechanism,
the characteristics of crosstalk, and the influence on the system performance. Secondly,
methods to reduce interferometric crosstalk are discussed. Special emphasis is placed on
phase scrambling; this reduction technique is investigated in detail in paper K.

6.1 Crosstalk mechanism

Let us consider a channel at a particular wavelength )\, at one extreme of an optical trans-
parent network: mark “in” in Fig. 6.1. Due to performance imperfections of components
in the optical nodes at the other extreme (“out” in Fig. 6.1), the channels will experi-
ence crosstalk interference from other channels operating at the same wavelength (inband
crosstalk). Channels operating at different wavelengths may also fall within the receiver
bandwidth giving rise to interband crosstalk. The effect of interband crosstalk can be re-
duced by concatenating narrow-bandwidth optical filters. Inband crosstalk, however, cannot
be removed as the signal and the crosstalk operate at the same wavelength. The detrimental
effect of inband crosstalk is further intensified in cascaded optical nodes due to its accumu-
lative behavior.

6.2 Characteristics of crosstalk

If an optical signal E(¢) and a crosstalk interferer £, (t) are present at the input of a pho-
todetector, the total optical field is given by their superposition. The output of a photode-
tector is a photocurrent proportional to the intensity of the detected optical field. This
nonlinear operation on the detected field results in a photocurrent composed of three terms.
The two first terms are the contribution of the average optical power in the signal and in
the crosstalk, respectively. The third term is a fluctuating term due to the randomly chang-
ing phase difference between the signal and crosstalk. This is the interferometric crosstalk
noise term. Postdetection filtering is used in optical receivers. The interferometric crosstalk
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Figure 6.1: Crosstalk in optical cross-connected networks

contribution to the filtered photocurrent can be mathematically described as (see paper I):

T
fs‘.r == 7_“57?‘r /0 AV QS(f)g!(f - Td) Ccos [(ps(t)_(br(i - Td)]df (61)

if we consider an integrate-and-dump postdetection filter. The bit duration time is denoted
by T. ¢(t) is the phase, and g(t) > 0 is the optical pulse shape. The interferometric de-
lay time is denoted by 7,. 7, and 7, are unit vectors representing the signal and interferer
polarization state, respectively. Expression (6.1) is difficult to describe statistically. It is
composed of the cos(-) operation on the phase difference between the signal and crosstalk.
The laser phase is modeled as a Wiener process (variables ¢,(t), ¢s(t)). Based on this as-
sumption a statistical description is derived in paper L. It was found that if the bandwidth of
the laser is of a larger magnitude than the receiver bandwidth, crosstalk can be substantially
reduced by low-pass filtering. This is the idea behind crosstalk reduction by phase scram-
bling. We also observe that crosstalk depends on the interferometric delay time. It is found
that the most detrimental effect takes place for 7, in the order of the coherence time of the
light source [74]. In several applications of interest the delay time is of a larger magnitude
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than the coherence time (B;7; > 1). This situation is called the incoherent interferometric
noise regime. We can also observe that if the delay time is such that the signal and crosstalk
are in total bit misalignment, the signal-crosstalk beating term will disappear. This fact has
been employed to demonstrate crosstalk reduction by bit misalignment [75].

Another variable present is the polarization state. The study of the effect of polarization
statistics on the system performance has shown that polarization has a tendency toward its
worst case alignment. No substantial performance difference was found between a worst
case polarization matching and a linear polarization state of signal and crosstalk [76] (sce
also paper G). Other characteristics of crosstalk are related to non-perfect extinction ra-
tio and optimized detection threshold. It is found that the crosstalk is more detrimental in
systems with non-perfect extinction ratio. It also found that a proper optimization of the
detection threshold yields more tolerance toward crosstalk compared to the commonly used
midway (between digital zero and one) threshold setting [77,78]. Appendix A gives some
examples on how the performance of a system is related to the abovementioned character-
istics of interferometric crosstalk.

6.3 Reduction techniques for crosstalk

As mentioned in the previous section there are some characteristics of crosstalk that can be
used to reduce its detrimental effect on the systems performance. These techniques include
phase scrambling, bit misalignment, and polarization scrambling. Crosstalk reduction by
other techniques like coding [79] and intra-bit modulation [77] have also been proposed.
Crosstalk reduction by coding will be at the cost of information redundancy and transmit-
ter/receiver complexity. Reduction by bit-pattern misalignment is based on the assumption
that we can manipulate the interferometric delay before crosstalk signals are switched, thus
before crosstalk is added to the signal. This situation can be a difficult one to implement in
complex cross-connect nodes. Another assumption of this technique is bit synchronization
at the entrance of optical switching elements. Synchronization imposes a series of technical
challenges. Another way to reduce crosstalk is to manipulate the phase of the optical sig-
nals. Based on this observation intra-bit modulation of DFB (distributed feedback) lasers
has been proposed for crosstalk reduction purposes [77]. Alternatively, phase modulation
may be performed by external modulation of the light source with a noise signal, i.e. phase
scrambling [80-82]. This technique is explained in the following section. Crosstalk has
also been considered as a traffic conflict. In this context, different approaches have been
proposed based on the concept of dilation, both in space and time [83]. Although these
techniques have not been fully explored yet, their hardware implementation and the finding
of effective algorithms appear to be challenging.

6.4 Phase scrambling

The mechanism behind crosstalk reduction by phase scrambling is the redistribution of
noise energy into higher frequencies permitting an improved noise rejection by the receiver
filter. This idea is illustrated in Fig. 6.2. The schematic diagram of phase scrambling
implementation in a transmitter is presented in Fig. 6.3.



80 Crosstalk in Optical Networks
Rx bandwidth With phase scrambling

BN :

Q Q

3 & 3

@ Crossta 2

~ / ~

°§ \\

) R

A e

@ ®

Figure 6.2: Redistribution of noise energy by phase scrambling.

The phase modulation is induced via a noise signal. This is done to assure that crosstalk
reduction takes place for all possible interferometric delay times and simultaneously for the
several crosstalk sources present. This is the main reason why phase modulation with a
deterministic signal is not preferred.

Benefits of phase scrambling

WDM systems impose severe requirement on the optical crosstalk isolation of the con-
stituent elements. For instance, crosstalk isolation levels better than 35 dB should be used to
have power penalties smaller that 1 dB when even a moderate number of crosstalk interfer-
ers are present [84]. This still is a strict requirement for the performance of integrated opti-
cal switches and cross-connects at the current state-of-the-art [85]. Although improvements
in device performance is foreseen, a substantial relaxation of the crosstalk requirements
from individual components in an optical network can be achieved by using phase scram-
bling. Phase scrambling has been shown to significantly reduce crosstalk (see paper K). It is
efficient in the presence of multiple crosstalk sources as well as for any interferometric time
delay. It is possible to share the external phase modulator between several channels. This
is an advantage of phase scrambling over coding techniques where dedicated equipment is
required for each channel and receiver. Moreover, phase scrambling may be beneficial in
preventing nonlinear effects during transmission. Namely, it can assure the required phase
un-correlation (walk-off) needed to avoid the four-wave mixing effect discussed earlier in
Sec. 3.4.

Limitations

Phase scrambling results in broadening of the signal spectrum. This implies that penalties
as a result of phase noise to intensity noise conversion due to chromatic dispersion may be
incurred. In fact, the spectrum can not be made arbitrarily broad as large power penalties
due to dispersion will then take place. In conclusion, phase scrambling reduces crosstalk but
introduces limitations with respect to the transmission distance due to dispersion penalties.
This aspect is investigated in paper K. The main result is that by properly choosing the
parameters for phase scrambling, crosstalk can be reduced and transmission is possible up
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Figure 6.3: The signal is phase modulated with noise D(t), centered at an arbitrary fre-
quency wy and modulation index a.

to 100 - 200 km SSMF (standard single mode fiber) with acceptable power penalties. This
result shows that phase scrambling can be used to reduce crosstalk (allowing for the use of
today optical integrated technology) in networks covering LAN and MAN distances.

6.5 Scalability of optical networks

Consider a network of interconnected cross-connects. Scalability addresses the issues of
how many cross-connects can be traversed before falling below a certain measure of quality
service (QoS), for example, a level of bit-error rate (BER). We can distinguish scalability
with respect to the following:

e Number of input fibers to a cross-connect node

e Number of channels per fiber

Channel spacing

e Accumulated ASE and power budgets

Optical crosstalk

Network topology

Scalability in WDM networks is strongly limited by interferometric crosstalk. Other limit-
ing aspects include accumulated ASE, deterioration of the extinction ratio (contrast between
power level for a binary “one” and a “zero”), dispersion, and the aspects already mentioned
in section 3.4 such as the effects of nonlinearities.

Paper L studies scalability of optical networks with respect to crosstalk and topology. A
largest shortest transmision path (LSTP) in the network is considered. A LSTP criterion
means that we consider the set of shortest paths between any pair of nodes in the network.
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We select from this set the path that traverses the greatest number of cross-connect nodes.

The study is generalized to a wider class of network topologies in paper M by including
statistics over all possible connections in a given network. The main conclusion is that the
performance of networks with respect to crosstalk is closely related to the network topol-
ogy. Hence, for a given number of nodes there are ways of connecting them that make them
less vulnerable to crosstalk.

The use of optical amplifiers also imposes scalability limitations due to the increase of the
signal power needed to maintain a satisfactory signal-to-noise ratio against accumulated
ASE. This aspect of scalability of networks is presented in paper N . Scalability of net-
works employing phase scrambling is reduced to the study of limitations imposed by fiber
dispersion. Paper K presents more details and experimental results on this topic.
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Performance Evaluation of Optical
Cross-Connects by Saddlepoint Approximation

Idelfonso Tafur Monroy and Eduward Tangdiongga

Abstract—The impact of in-band crosstalk on the transmission
performance of optical cross-connects, incorporating
(de)multiplexers and space switches, is studied. A statistical
description of the receiver decision variable that yields a
performance analysis in good agreement with experiment is
given. Bit error rate and power penalties are calculated using
the so-called saddlepoint approximation which is numerically
simple and gives accurate results.

Index Terms— Error analysis, optical communication, optical
cross-connects, optical crosstalk.

I. INTRODUCTION

PTICAL cross-connects are regarded as a promising

solution to the increasing demand of routing flexibility
and transport capacity of broadband communication systems.
An example of the structure of an optical multiwavelength
cross-connect is presented in Fig. 1.

Linear crosstalk in cross-connects can be classified as in-
band or interband crosstalk, according to whether it has the
same nominal wavelength as the desired signal or not. The
effect of interband crosstalk can be reduced by concatenating
narrow-bandwidth optical filters. In-band crosstalk, however,
cannot be removed as the signal and the crosstalk operates
at the same wavelength. The deteriorating effect of in-band
crosstalk is further intensified in cascaded optical nodes due
to its accumulative behavior. This paper studies the effect of
in-band crosstalk on the error performance of optical cross-
connects. It has been observed that the crosstalk induced noise
shows a highly non-Gaussian (bounded) statistics [1]. The use
of an approximate Gaussian (nonbounded) distribution results
in performance analyzes predicting greater penalties than those
using a bounded distribution [2]; see Fig. 6.

In this paper, a statistical description of the receiver decision
variable is given through the moment generating function
(mgf). The performance evaluation is carried out with the
help of the so-called saddlepoint approximation, using the
mgf for the decision variable, that is numerically simple and
gives accurate results. The analysis takes into consideration
the effects of linear random polarization, nonideal extinction
ratio, and receiver thermal noise together with transmitted
data statistics. Power penalties due to inband crosstalk have
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Fig. 1. An optical multiwavelength cross-connect.

been measured in an experimental setup that uses a directly
modulated light source. Experimental results are in good
agreement with the theory.

The paper is structured as follows: In Section II, the model
of the system under analysis is presented. Section III presents
the derivation of the mgf of the decision variable while
Section 1V introduces the saddlepoint approximation for calcu-
lating error probabilities. Section V describes the experiments.
Comparison of experimental results and theory is also pre-
sented. Finally, in Section VI, summarizing conclusions are
drawn.

II. SYSTEM MODEL

We consider an optical signal which has traversed an
optical cross-connect consisting of (de)multiplexers and space
switches (Fig. 1). The equivalent baseband form of the total

0733-8724/98$10.00 © 1998 IEEE
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optical field is given by
San(t) = Su(t) + Be(t) M

where, in general, 5(1‘) is the envelope (modulation) of the
input optical signal 5(¢), expressed as the real part of a
complex field function

3(t) = ki?{‘g(f)ﬂXI’U“""’)} "
S(t) = A(t)Fexp(ie(t)) @

where wy = 27 [, [ is the optical frequency, ¢»(t) is the phase,
and A(f) > 0 is the optical pulse shape. The vector /*indicates
the state of linear polarization. 5‘,(1‘) and S,.(7) represent the
optical field, equivalent baseband form, of the desired signal
and crosstalk interferer, respectively.

The output of the photodetector I,;,(#) is a shot noise process
characterized by a photoelectron intensity A(#). The time
varying intensity of the photoelectron process is proportional
to the instantaneous optical signal power. The instantaneous
optical power is proportional to the squared magnitude of
the electromagnetic field quantity. Hence, the photoelectron
intensity can be written as

A¢) = %%15’,,,.(?)13 photoclectrons/s 4)
where 1 is the photodetector quantum efficiency and 7 is
Planck’s constant. This relation provides a connection between
the electro-magnetic field model and the photon model of light,
constituting the so called semiclassical approach of optical
detection [3].

To continue the analysis, we return to the description of the
optical field of the desired signal and the crosstalk, S,(t) and
g,.(t), respectively

5u(t) = VB AT () &)
Sa(t) = Vel Ax ()74 ®)

where ¢ is the component power crosstalk parameter: the
ratio of leakage crosstalk to signal power. The quantity by
(k =0.£1,+£2 % ---) is introduced to represent the binary
symbols: b, € {p.1} (0 < p < 1). For the case of perfect
extinction ratio we have p = 0. ¢, . is the phase of the signal
and crosstalk, respectively. 7, and 7, are real (we consider
only linear polarization states) unit vectors representing the
signal and crosstalk polarization state, respectively.

It is convenient to normalize the optical field (to avoid
carrying the factor }—:’7 along in further calculations) so that
the photoelectron intensity can be written as

A = 218 (D] = %lfi(f) + 5.0 ™

2

It is assumed that the optical pulses are of identical shape,
A (t) = A.(t) = A(f), and confined in the time interval
[0, 7], implying absence of intersymbol interference (ISI). For
a transmitted binary “one” m photons are contained in an
optical pulse of duration /" and for a binary “zero” prn photons
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are in the optical pulse. The amplitude of .A(t), following the
normalization, is chosen such that
1% :
M= / |A(t)[? dt ®
<.Jo
where the factor 1/2 comes from the complex notation.

The receiver thermal noise, denoted by I,),(t), is modeled
as an additive, zero mean, white Gaussian stochastic process.
The shot noise and thermal noise current pass the electrical
postdetector filter. Note that the shot and thermal noise are
independent stochastic processes. The filtered signal Z(¢) is
further sampled at ¢t = ¢, + A7 time instants to form the
decision variable. By comparing the sample value with a
preselected threshold, the decision circuit provides an estimate
of a transmitted bit in a particular bit interval.

III. THE MOMENT GENERATING FUNCTION
The postdetector filter is assumed to be an integrator over
the time interval [0, Z]. With no loss of generality we consider
the time interval [0, 7] (A = 0) and denote the decision
variable by Z = Zj—1)

.
Z= / Uat) + L (1)) dt
JO
= XN, + X5 )

X1, is a zero mean, Gaussian distributed random variable (r.v.)
with variance o2, given by
5 21(]3 O.T

= T, (10)

Kp being the Boltzmann’s constant, 7} the temperature in
2 p

Kelvin, ¢, the electron charge, and ?; the receiver resistance
load. The mgf of the decision variable is

Mz(s) = E{c"?} = Mo(s)Mu(s) an

where A}y, is the mgf for a zero-mean Gaussian variable with
variance o3

l’ul,h(ﬂ) = ([safh/z )

Mgy,(s) is the mgf of .\, the filtered shot noise contribution
to the decision variable Z. The product of mgf in (11) is a
consequence of the stochastic independence of the shot and
thermal noise.

The filtered shot noise is well modeled by a doubly stochas-
tic Poisson process with intensity A(¢). Hence, for the case of
an integrator postdetection filter, M, is given by [7]

Mo(s) = Ma(e® = 1) (13)

where My(s) = E{e*M) and A = f”[ A(t) dt is the Poisson
parameter.

MONROY AND TANGDIONGGA: OPTICAL CROSS-CONNECTS BY SADDLEPOINT APPROXIMATION

A. Single Crosstalk Source

For the case of a single crosstalk source the parameter A
has the form

s ,
A= 5 /l; ;Su,{(f)l' dt

=m(by+ ebg) + 2m /U bie 7y - 7o cos (g — de). (14)

The bit alignment between the signal and crosstalk interferer
is assumed to be perfect. Expression (14) is derived under
the assumption that the relative phase difference is constant
at least within one bit duration. The phase difference ¢, — ¢,
is assumed to be a uniformly distributed random variable in
the interval [0, 277]. The probability distribution function (pdf)
of the variable ¢ = cos (¢s — ¢b,) is the so called arcsine
distribution. The pdf of ¢ is given by [8]

—— —l<t<1
= { ®my/1=§°
U {0, elsewhere. )
Experimental measurements have shown that the statistics of
in-band crosstalk induced noise approaches the form described
by (15) [1].
The signal and crosstalk are assumed to exhibit linear
polarizations with random, independent orientation angles 6,
and 0., respectively. The parameter A takes the form

A =m(by + ebf) + 2m\/eb3bE C(6,. 0.)¢ (16)
where the function ((4,, 6, ) is given by [4]
((6,.6,) = I(?Uﬁ(ﬁh —6.)] (17)

6, — 6.',,, is taken to be uniformly distributed in [0, 27]. The pdf
of ( is given by the doubled, nonnegative part of an arcsine
distribution [8]

] —2— 0<<(<1
f )= {r\\/l— 2
© 0, ’ elsewhere. (18)

The mgf for A is derived from the pdf of the random variables
involved in it. The result is (see Appendix for a derivation)

M(s) = exp[sm (b + DG G (s /T3 (19)
where o() is the modified Bessel’s function of zero order.
The final expression of the mgf for Z is then

Mz(s) = Ma(c® = 1)My(s). (20)

B. Multiple Crosstalk Sources

This section treats the case of in-band crosstalk when N
interfering fields are present. We assume that each interferer
has relative crosstalk power . The expression for the decision
variable takes then the following form:

N
e 8 e
Z =mbj + 2y/cm E b3y "' s - Trn X €08 (hy — (hyn)

n=1

NN
+ 2em E E by " by cos (o — Pej)

J=n+1 n=1
N
+ cm Z by + X (21)

n=1
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The decision variable (21) consists of the signal term, the
signal-crosstalk beat terms, the crosstalk-crosstalk beat terms,
self crosstalk beat term, and the receiver thermal noise. The
third terms (crosstalk-crosstalk beat terms) have a variance
smaller by O(\/¢) than the signal-crosstalk beating terms.
However, in this paper the crosstalk-crosstalk beat terms are
not neglected, but considered statistically independent and will
be included in the performance analysis.

The error probability analysis is conducted by a weighted
statistically average of the error probability for each value
ju of the N crosstalk term being simultaneously “one.” This
probability is given by the binomial distribution

N!

i) = (N — o)t

(22)
Hence, the average error probability £, for a given threshold
«, is given by

N
po= 21:,(11,,0,,(/1). (23)

=0

The N crosstalk sources are considered statistically indepen-
dent. Hence, the mgf for Z is easily derived using (19) due
to the fact that the mgf of a sum of independent r.v is the
product of the mgf for each r.v in the sum. Note that the
effect of nonperfect extinction ratio is also easily incorporated
in the analysis by considering the total crosstalk field as the
sum of 4 field terms of amplitude At) and v = N —
field terms with amplitude V/PA(t). The bit-error rate for a
given . is calculated by the saddlepoint approximation; see
Section IV-A.

IV. PERFORMANCE ANALYSIS

The question is to evaluate the average crror rate P, of the
system under discussion. We are going to treat the case of
amplitude shift keying (ASK) modulation format. The error
probability, given that a binary “one” is transmitted is

() = P(Z < ) 24)

where v denotes the decision threshold. Similarly, the error
probability, given a binary “zero” is transmitted is

(@) = Lop(Z > «). (25)

Assuming that the symbols are a priori equally probable, the
average error probability is

1
P = E[Ij, () + g+ ()] (26)

A. Analysis by Saddlepoint Approximation

The saddlepoint approximation (spa) has been proposed
by Helstrom [9], as an efficient and numerically simple tool
for analyzing communication systems. The spa has shown a
reasonably high degree of accuracy in the analysis of optical
communication systems, e.g., [10].



320

As shown in [9], the tail probability ¢ () is approximately
equal to
exp[P(so)]
27" (s0)

the so-called saddlepoint approximation. The function ®(s) is
related to the mgf for Z, M y(s) by

gy (o) = 27)

O(s) = In[Mz(s)] — sa — I |s|. (28)
The parameter s, is the positive root of the equation
¥'(s) = 0 (29)

and ”(sq) stands for the second derivative of (28) at s = sq.
The lower probability tail

g-(w) = / p(z) dz (30)

is approximated by
e exp[®(sy)]
q-(a) = —_,—2w<1”'(-.sl_)

with s, equal to the negative root of (29). See [9] or [3] for
further details. The error probability is minimized by adjusting
the detection threshold «. The optimum value of « and the
parameters so. s; may be found numerically by solving an
appropriate set of equations [3].

(3D

V. EXPERIMENTAL RESULTS AND DISCUSSION

The experimental arrangement depicted in Fig. 2 has been
used to model the crosstalk interference in a cross-connect
system. As transmitter, a DFB laser which has an unmodulated
linewidth of 50 MHz at center wavelength of 1550 nm is
directly driven by a pulse pattern generator. The generator
produces repetitive 2° — 1 PRBS of 2.5 Gb/s electrical signals.
The extinction ratio is measured to be 8 dB. The laser light
is divided into two paths. One path is regarded as the desired
signal and the other the crosstalk. The crosstalk path is further
divided into N channels by an 1 x N photonic splitter. An
optical attenuator, and polarization controller are located and
adjusted to give each crosstalk channel an equal interference
to the desired signal and obtain matched polarizations at
the receiver. Fiber delays with different lengths are used to
decorrelate all crosstalk channels.

In the experiment only three fiber delays are used with a
different length of 500 m which far exceeds the laser coherence
length. At the end the crosstalk channels are combined by an
N x 1 photonic coupler, and the desired signal after being
interfered by the crosstalk is detected and examined using the
bit error rate tester. As receiver, an InGaAs PIN photodetector
with a responsitivity of 0.9 A/W followed by a transimpedance
amplifier has been used. The detector’s sensitivity is about —26
dBm for a bit error rate of 10™°. The electrical amplifier (EA)
can give a maximum gain of 32 dB and has a noise figure of
5 dB. The electrical filter for suppressing the receiver thermal
noise has a bandwidth of 1.75 GHz. The performance is
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Fig. 2. Experimental sctup used to model the crosstalk interference in a
cross-connect system. PPG: Pulse patiern generator. DC: Directional coupler.
Att: Attenuator. PC: Polarization control. PD: Photodetector. EA: Electrical
amplifier.

measured using a fixed decision-threshold at midway between
“one™ and “zero.”

Fig. 3 shows the output of the receiver when there is no
crosstalk source added in the system. We can see the presence
of receiver thermal noise in bit “one” and “zero” as well. Next,
the crosstalk channels are added to the signal channel. As an
example, Fig. 4 gives a plot of the signal channel contaminated
by three crosstalk channels of —20 dB each, relative to the
signal channel power. The envelope of the interference is
not constant. At the edges of the pulses where the frequency
variation due to chirp are maximum, small distortion can be
observed. The shapes of the envelopes are further varied by
bit delays as the results of different fiber delay used in the
experiment setup.

Measured and theoretical bit-error rate curves for a single
crosstalk source and different values of ¢ are presented in
Fig. 5. In Fig. 6 measured results are presented for power
penalties together with the theoretical curves, calculated by
the spa using the derived statistics for the receiver decision
variable (solid lines). The result are in good agreement with
the theory considering that discrepancies may arise due to
additional penalties introduced by the signal processing and
measurement errors. Analysis with linear randomly polarized
signals resulted in power penalties non substantially different
from those obtained for the worst case: precisely matched
signal and crosstalk polarizations. This observation is in good
agreement with an earlier published result stating that systems
with randomly polarized fields show a statistical preference
for near-worst-case operation [4]. In the experiment the po-
larization of signal and crosstalk are matched to simulate the
worst case situation.

Measurements of crosstalk-induced power penalties in an
optical cross-connect switch have been reported in [5] and
[6]. The experimental setup reported in [5] and [6] uses
an external modulated light source in contrast to a directly
modulated source used in our experiment making a direct
comparison of results difficult. Power penalties measured using
a directly modulated source are reported in [2] for a single
crosstalk source and at lower bit rate than that employed in the
present work. Our result (see Fig. 6) shows the same general
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Fig. 3. The deiccied laser pulse pattern (a) and cyc diagram (b) used in
thecrosstalk measurcment. The laser is dircctly modulated with 2.5 Gb/s 27 —1
pseudo-random binary sequences.

47.11ns

appearance as that in [2]: good agreement with experiment,
assuming a bounded statistics for crosstalk.

The results for power penalties yielded by the Gaussian
approximation are also shown in Fig. 6 (dash-dot lines). It
can be observed that the analysis using a Gaussian distribution
yields considerably greater power penalties than the bounded
statistics approach, and than the measurement results.

VI. CONCLUSION

Performance analysis of in-band crosstalk in an optical
cross-connect has been studied using a comprehensive sta-
tistical approach. Supporting measurements, using a directly
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588mV

-588mV.
dR.77ns

inssdiv 56.22ns

(a)

375.5mV.y s

47.11ns

18Bos-div
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Fig. 4. Optical pulses alter interference by three crosstalk channels. The
power of each crosstalk interferer is 20 dB under the signal power.

modulated light source, appear to confirm the theoretical anal-
ysis with reasonably accuracy. The saddlepoint approximation
yields results in good agreement with the experimental data
while the Gaussian approximation predicts greater penalties.
Furthermore, the spa is numerically simple. It is shown that at
a bit-error rate of 107 component crosstalk levels less than
—24 dB yield power penalties lower than 1 dB for a single
crosstalk source; while for three interferers crosstalk levels
less than —30 dB result in power penalties of below 1 dB.

APPENDIX

This appendix gives a short derivation of the mgf for the
signal-crosstalk term of the receiver decision variable in (16).
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++-15dB oo -25dB
10" xx-20dB ** no xtalk

Reeeived Optical Power, dBin

Fig. 5. Bit crror rate for a single crosstalk source and different values of the
parameter ¢. The dotted lines arc obtained by interpolation of the experimental
data. The solid lines arc the theorctical curves calculated by the spa.
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Measurement
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|
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Gaussian distr.

a 1 xtalk source

Power Penalty, dBm

b 2 xtalk
¢ 3xtalk

-a0 -25 —20 =
Component Crosstalk, dB
Fig. 6. Powecr penallics for a single, two, and three crosstalk sources. Signal
and crosslalk polarizations are aligned (o simulate a worsl-case operation. The
solid lincs arc the theoretical curves calculated by the spausing the bounded

statistics approach. The dash-dot lincs arc the results when the crosstalk
induced noise is assumed to he Gaussian distributed.

The r.v in consideration, simplified in notation, is of the type
y = (€. Conditioning on the value of ¢ the mgf for y is
1’\1y|<(.5‘) = EEK{(‘:SQE} (32)

or in terms of the pdf of &, expression (15),

Pt
Myc(s )_/17r j d€. (33)

vi1-¢2
An analytical solution to the integral (33) is given by (9.6.18)
in [11]

My (s) = Io(sC) (34)

where () is the modified Bessel’s function of zero order.
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As we know the pdf of (, cf. (18), the unconditioned mgf
M, (s) can be written as

210(“(
m/1 -2
An analytical expression for (35) can be found by using [12,

eq. (6.567)]. Finally, the result, which is used in the derivation
of (19), is

My(s) = d¢. (35)

Aly( --’n /)) (36)
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Statistical analysis of interferometric noise in optical
ASK /direct detection systems

Idelfonso Tafur Monroy
Eindhoven University of Technology, Telecommunication Technology and Electromagnetics.

P.O. Box 513, 5600 MB Eindhoven, The Netherlands.

ABSTRACT

An efficient method for evaluating the error probability of optical ASK/DD systems subject to interferometric noise
is presented. The receiver decision variable is statistically described by its moment generating function (mgf). The
theoretical results, obtained with the aid of the new derived mgf, are in good agreement with experiment, employing
directly modulated light sources, while the common used Gaussian statistics for the photocurrent yields larger power
penalties. The analysis takes into consideration polarization statistics, photodetector shot noise, non-ideal extinction
ratio, and receiver thermal noise. Error probabilities are calculated using the saddlepoint approximation which is
numerically simple and gives accurate results.

Keywords: Optical noise, interferometric noise, optical communication, error analysis, bit-error rate.

1. INTRODUCTION

Interferometric noise has been reported to degrade the performance, introducing large power penalties and bit-
error rate Hoors, of a variety of optical networks, e.g., all-optical trunk networks; see ! and references therein.
Although for a proper performance analysis the statistical modeling of the noise is important, in the literature
it has been of common practice to considered the interferometric noise to be Gaussian distributed, e.g.,>! in the
analysis of ASK/DD optical system corrupted by a multiple number of interferers. For a very large number of
interferers, according to the Central Limit Theorem, the Gaussian approximation may be invoked, but for a small
and medium number of interferers the Gaussian approximation yields larger power penalties than those obtained
by the exact analysis. A recursive convolution method for the analysis of interferometric noise is presented in,?
but convolving a large number of probability density functions is numerically complex. In this paper, an effective
and numerical simple method for the performance analysis of optical systems disturbed by interferometric noise is
presented. The decision variable is statistically described by its moment generating tunction (mgf). The mgf is
then used to calculate bit-error probabilities by the so called saddlepoint approximation. The analysis takes into
consideration polarization statistics, photodetector shot noise, non-ideal extinction ratio, and receiver thermal noise
together with transmitted data statistics. Experimental results of power penalties due to interferometric induced
noise, measured in an experimental setup that uses a directly modulated light source, are in good agreement with
the theory.

2. SYSTEM MODEL

We consider the case of an optical informative signal disturbed by a number N of interferers operating at the same
nominal wavelength. The optical field of the information signal S,(t) and the interferers S, (t) is given by their
complex amplitude vectors

Si(t) N WOLASIAUR (1)

N

Sa(t)

enby " A ()T el en (2)
1

n=

where € is the crosstalk parameter: the ratio of leakage crosstalk to signal power. The indicator by is introduced to
represent the binary symbols: by, € {p,1} (0 < p < 1). For the case of perfect extinction the ratio p = 0. ¢, is the
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3 i i erer, respectively. 7y ¢ Iy Are re: it vectors resenting the signal and interferer
phase of the signal and interferer, respectively. 75 and %, are real unit vectors repr g g

linear polarization state, respectively. _ - N o
The output of the photodetector, I, (t), is a shot noise process characterized by a photoelectron intensity A(t), which
normalized can be written as

L& & ran 2
) = 31850 + S (1), 3)
where the factor 1/2 comes from the complex notation. N ' R
The receiver thermal noise, denoted by I (), is modeled as an additive, zero mean, white Gaussian stochastic

process. Tt is assumed that the optical pulses are of identical shape and confined in the time interval [0, T], i.e. no
intersymbol interference (ISI) is assumed. For a transmitted binary “one”

1 /7 "
m= 7/ [A(t)|*dt
2 Jo
photons are contained in an optical pulse of duration T and for a binary “zero” pm photons are in the optical pulse.

3. PERFORMANCE ANALYSIS

The postdetector filter is assumed to be an integrator over the time interval [0, T]. With no loss of generality we
consider the time interval [0, T] (k = 0) and denote the decision variable by Z = Z_r).

o7 , ’ )
Z = [ Ua®+ Tn(0ldt = Xt + X @
Jo
Xy is a zero mean, Gaussian distributed random variable (r.v) with variance o3, given by
: 2KgT;T
Crt_)h = ? : ’ (5)
q¢; Ry,

K being the Boltzmann’s constant, T} the temperature in Kelvin, ¢, the electron ('h.a.rge. and }.%L We are going to
treat the case of amplitude shift keying (ASK) modulation format. The error probability, assuming that the binary
symbols are a priori equiprobable, is

1
Po = 3[Pa(Z<0)+ (7> )] = 3la-(0) + g4 0],
(6)
where a denotes the decision threshold. g_(«), g4 (a) is the error probability, given a binary “one”and a “zero” is

transmitted, respectively.

3.1. Analysis by saddlepoint approximation

As it is shown in* the tail probabilities ¢ (o) and ¢_(«) are approximately equal to

exp[®(so)] exp[P(s1)] )
) N —/——— and —(a) v ————,
a+() 27d"(sg) 4-( \27®"(s1)
: » _ sZ .
the so called saddlepoint approzimation. The function ®(s) is related to the mgf for Z, Mz(s) = E{e’4}, by
P(s) = In[Mz(s)] — s — In]|s|. (8)

" ; sy s o g
The parameter sy is the positive and negative root of the equation ®'(s) = 0, respectiv el:\. .(I’- (s0.1) .star.\da .for. the
second derivative of (8) at s = sq;. See? or® for further details. The error probability is minimized by a.djtlstl{]g the
detection threshold a. The optimum value of a and the parameters sy, sy may be found numerically by solving an
appropriate set of equations.”

4. THE MOMENT GENERATING FUNCTION

The mgf of the decision variable is given by

A[Z(S) = A[sh(s)]”lh (‘9)7 (g)

where My, is the mgf for a zero mean Gaussian variable with variance o3 My (s) = exp (so3,/2). My, (s) is the
mgf of the filtered shot noise contribution to the decision variable Z. The shot noise is well modeled as a doubly

stochastic Poisson process with intensity A(t). Hence, for the case of and integrator postdetection filter, ) Lgp, is given
by*

My (s) = My(e® — 1), (10)
where A = jUT A(t)dt is the Poisson parameter-.

4.1. Single interferer source

The bit alignment between the information signal and the interferer is assumed to be perfect. The relative phase
difference A¢p = ¢, — ¢, is assumed to be constant at least within one bit duration, and uniformly distributed in the
interval [0,27]. The signal and the interferer are assumed to exhibit linear polarizations with randomn, independent
orientation angles ¢, and 0, respectively. With the above mentioned assumptions the parameter A takes the form
A=m(by + eb}) + 2m VO35 €C(8s,6,) x E(¢s, D), (11)
N———
Interferometric noise

where the function ((6,,6,) and &(ps, d,) are given by

4(93, 09):] COS(53~91)I. £(¢S’¢,r):CUS (és_ér)w (12)

with A¢ = ¢, — 6, being uniformly distributed in [0,27]. The mgf for A is derived from the probability density
function (pdf) of the random variables involved in it . The result is (see Appendix A for a derivation)

My(s) = explsm(b + ebd)| I3 (5 m\/bgbf,'F), (13)
where Iy(x) is the modified Bessel’s function of zero order. The final expression for the mgf of Z is then
Mz(s) = Ma(e® — 1)My(s). (14)

4.2. Multiple interfering sources

We assume that each interferer has relative interfering power e. The expression for the decision variable takes then
the following form

N
Z = mbj+ 2771\/EZ biby "C(6s,6.,.) x (D, dun) +
n=1
N N-1

2em Z Z bg-nstC(&N“eﬁj‘) X f((pl\ll’é‘l'.j) +

j=n+1 n=1

N
em Z by ™+ X (15)
n=1
The error probability analysis is conducted by a weighted statistically average of the error probability for each value
w of the N interfering terms being simultaneously “one”. This probability is given by the binomial distribution

N!
p(ll-) = \(1\' - /L)![L!ZN " (]6)



Hence, the average error probability, for a given threshold a, is given by

-
r. = > Do, mpp). "

=0

The N interfering sources are considered statistical independent. Hgnce, mg'f for Z is easily (leri‘\'ed u:}mg (&3)t iﬁ:
to the fact that the mgf of a sum of independent r.v is the produg’t of the mgt .ior each r.v m.th.e sum. . ;)f‘.et, 1:;, N
effect of non-perfect extinction ratio is also easily incorporated in ‘t,he a‘ualysmb by cons}dermg tlr Lot% : m;: Zim%
field as the sum of p field terms of amplitude A(t) and v 7 N — field ‘t‘erms with amplitude \/pA(t). The bit-

rate for a given y is calculated by the saddlepoint approximation: see Sect. 3.1.

5. NUMERICAL RESULTS

In Fig. 1 are presented the results for power penalties, calculated b\ the spa using the der?\'t;d mgfl f(?.l‘ t-h.e tieli:i‘tfr,
decision variable (solid lines). The system parameters are those of the system presentedvm e.nl1p (;ylurlf,oa ¢ Thz
modulated light source with 2.5 Gb/s 27 — 1 PRBS. The sys.tem operates‘ at a centmlr\\*avelengt h o' 55 ‘nlt“ =
extinction ratio is measured to be 8 dB, and the receiver re‘smtance_ load is eq‘ua‘l t,'o 25062. The pojrverdlv)e‘xlmd 1ﬁs ‘).
related to a bit-error rate of 107, The results yielded by the Gaussian approxlmatlon are aISf) showg ‘( ; d‘s he: . ‘mevs ]
As it can be observed in Fig. 1 good agreement between theory and experimental results ex.lst.s.' I.t '15 dlllso o,:;er?ecf
that the analysis using a Gaussian distribution results in (:unsiderab-le greater power penal.tles f‘(n small number o
interferes. Hr;\\'eV'er, as the number of interferers increases the Gaussian approximation performs better.

T T
6 |
spa .
. 1 )
5 —— Gaussian

. ]
* % Experiment,
1
1
!
1
1
1
1
1

)
1

Power Penalty, dBm

¥ r ; i
il —35 = —25 —20 —15 =10
= 5 0 Cl'f)sst,alk parameter ¢, dB

Figure 1. Power penalties for a single, three, and eight interfering sources. The solid lines :Tre t.h(}-.' pfm';er‘fpenalté;sz
calculated by the spa using the exact statistics approach. The dashed lines are the results w !1en‘t 1‘? ml er ’ero]m:; ‘
noise is assumed to be Gaussian distributed. The %% points are the experimental data for a single, and thre
interferers (data from Ref. 7. A directly modulated light source is used).

6. CONCLUSIONS

An analytical expression for the mgf of the decision variable of an optical ASK/DD system dist,lfrbed by 11?terf(.ero—
metric noise is presented. The mgf is then used to calculate bit-error probabilities by the saddlepoint approximation,

which is numerically simple. The analysis accounts for the Poisson nature of the problem (shot noise) as well as for
the case of linear polarization statistics of the interferometric noise, non-ideal extinction ratio and the thermal noise
from the receiver electronic circuitry. The theory is in good agreement with experiment, considering differences due
to experimental error. It is also shown that for a small and medium number of interferers the Gaussian approximation
predicts more severe restrictions on the system crosstalk parameter than those yielded by the exact analysis.

APPENDIX A

This appendix gives a short derivation of the mgf for the signal-interferer term of the receiver decision variable in
(11). The r.v in consideration, simplified in notation, is of the type y = ¢¢. In terms of the pdf of A8, and Ag, the
mgf of y is

My(s) = zﬁ)z/{)- /U-cxp [s] cos A6 cos Ap)dbdep. (18)

Integration over Ag, using the standard definition of the modified Bessel function Iy(z), gives

e 4
My(s) = — / Iy(s| cos AB|)db = TI3(s/2), (19)
27 Jy
with the aid of (6.6.681:3) in.® The result in (19) is used for the derivation of (13).
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On the Distribution and Performance
Implications of Filtered Interferometric
Crosstalk in Optical WDM Networks

Idelfonso Tafur Monroy, Eduward Tangdiongga, and Huig de Waardt

Abstract— The distribution and performance implications of
filtered interferometric crosstalk in optical networks is theo-
retically and experimentally studied. The probability density
function is estimated by using a maximum entropy approach
based on analytically derived statistical moments. The theoretical
results are confirmed by relevant experimental data obtained
from an amplitude shift keying direct detection (ASK/DD) system
using directly, and externally modulated light sources. Power
penalties are measured for both types of source modulation. The
experimental results are in good agreement with theory.

Index Terms—Error analysis, optical crosstalk, optical commu-
nication, wavelength division multiplexing (WDM) networks.

1. INTRODUCTION

NTERFEROMETRIC crosstalk has been reported to de-

grade the performance, introducing large power penalties
and bit error rate floors, of a variety of optical networks,
e.g, all-optical trunk networks and wavelength division mul-
tiplexing (WDM) systems; see, e.g., [1]-[5]. For a reliable
performance analysis of a communication system an accurate
statistical description of the noise is required. Although the
impact of interferometric noise on the performance of optical
networks has been widely studied, the performance evaluation
is commonly based on weakly crosstalk statistical assumptions.
For instance, crosstalk has been assumed to be either arc-sine
or Gaussian distributed, e.g., [2]-[7]. Performance analyzes
assuming a two pronged arc-sine distribution for interfero-
metric crosstalk have shown good agreement with experiment
when the system uses a directly modulated light source, e.g.,
[4]-[7], while the Gaussian approximation gives pessimistic
results. For systems employing externally modulated sources
analyzes using the arc-sine distribution assumption appear to
be too optimistic, while analyzes assuming Gaussian statistics
have shown good agreement with experiment, e.g., [2]-[4],
[8]. Furthermore, it has been observed that systems employing
a directly modulated light source incurred smaller power
penalties due to interferometric crosstalk than systems using
external light source modulation [4], [8].

Manuscript received July 23, 1998; revised February 23, 1999. This work
was supporled in part by the European Commission ACTS project AC332
APEX.

The authors arc with the COBRA Institute, Telecommunications Technology
and Electromagnetics, Eindhoven University of Technology, Eindhoven 5600
MB The Netherlands.

Publisher Item Identifier S 0733-8724(99)04511-9.

It is of relevant interest to accurately describe the statistics
of filtered interferometric crosstalk for both types of source
modulation in order to efficiently predict its impact on the
performance of optical networks. In this paper, we present a
statistical analysis of filtered interferometric crosstalk which is
valid for arbitrary values of the laser 3-dB linewidth, interfero-
metric delay, and electrical filter bandwidth. Of special interest
is the dependence of the filtered interferometric crosstalk
statistics on the value of the 3-dB laser bandwidth due to
the fact that its value can differ significantly depending on the
light source modulation type.

A maximum entropy approach is used to estimate the prob-
ability density function (pdf) of interferometric noise based on
derived moments. The study shows that the statistics of filtered
interferometric crosstalk (and the system performance) is
strongly dependent on the product of the laser 3-dB linewidth
and the electrical filter bandwidth. Namely, for filters with a
large bandwidth the statistics of crosstalk shows a two pronged
character, while for a narrower filter bandwidth the statistics
reverts to a Gaussian-like type. Measured probability density
functions and computer simulations confirm the theoretical
pdf’s. It is also observed that the interferometric crosstalk
is substantially reduced (filtered out), resulting in a better
system performance, when the 3-dB laser linewidth exceeds
the filter bandwidth. This fact indicates that one can reduce
interferometric crosstalk in optical networks by broadening
(phase dithering) the laser spectrum as already pointed out in
[9}-11].

Power penalties due to interferometric crosstalk are mea-
sured for an amplitude shift keying direct detection (ASK/DD)
system using directly, and externally modulated light sources.
The experimental results are in good agreement with theoret-
ical predictions. Based on the knowledge of the variance of
filtered crosstalk a simple Gaussian approximation is proposed
for computing power penalties.

The rest of the paper is structured as follows. Section II
presents the system model under investigation. In Section III
the derivation of moments of filtered crosstalk is given. In
Section IV, based on the derived moments pdf’s are estimated
using a maximum entropy approach. A comparison of theoreti-
cal pdf’s with simulated and measured pdf’s is also presented.
Section V is devoted to the performance analysis of optical
systems disturbed by interferometric crosstalk. Power penalties
are computed using the estimated pdf for filtered interferomet-
ric crosstalk. Experimental details are presented in Section VI.

0733-8724/99$10.00 © 1999 IEEE
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Fig. 1. Schematic diagram of an ASK/DD receiver. At the receiver input S (1) represents the optical signal while interferometric crosstalk is denoted by 5. (1).

Experimental results, their discussion and comparison with
theory are the topics of Section VIL Finally, in Section VIII
summarizing conclusions are presented.

II. SYSTEM MODEL

We consider the case of an optical signal disturbed by a
crosstalk interfering source operating at the same nominal
wavelength. The optical field of the signal S.(t) and the
crosstalk A§E(f) is given by their complex amplitude vectors

§.(8) = VLA (1) ®) (€]
§u(8) = VPR AL ()7, e 8 @

where ¢ is the crosstalk parameter: the ratio of leakage
crosstalk to signal power. The indicator b, is introduced to
represent the binary symbols: I, € {0,1} (0 < o< 1). For
the case of perfect extinction the ratio p = 0. The variable
¢, is the phase of the signal and interferer, respectively. The
vectors 7’ and 7. are unit vectors representing the signal and
interferer polarization state, respectively.

We consider an ASK/DD receiver whose schematic diagram
is depicted in Fig. 1. The output of the photodetector I,,,(#) is
a shot noise process characterized by a photoelectron intensity
A(t). which normalized can be written as [5]

At) = $15.(6) + S (0)? 3)

where the factor “1/2” comes from the complex notation.
The receiver thermal noise, denoted by [.,(#), is modeled
as an additive, zero mean, white Gaussian stochastic process.
It is assumed that the optical pulses are of identical shape
and confined in the time interval [0.77, i.c., no intersymbol
interference (ISI) is assumed. For a transmitted binary “one”

4T
2
m=3 / |A(B))* dt
40

photons are contained in an optical pulse of duration 7" and
for a binary “zero” pm photons are in the optical pulse.

The postdetection filter is assumed to be a finite time
integrator over the interval [0.77]. With no loss of generality
we consider the time interval [0, 7] (/' = 0) and denote the
decision variable by Z = Z—1)

%l
Z = / [Lan(t) + Lu(t)] dt = X + X 4)
J0

Xy, is a zero mean, Gaussian distributed random variable (RV)

with variance o3, given by [15]
2 2Kp) T
== @Ry

(5

K3 being the Boltzmann’s constant, 73 denotes absolute
temperature, g, the electron charge, and R; the receiver
resistance load.

The moment generating function (MGF) of the decision
variable is given by

Mz(s) = E{c*?} = My (s)Mu(s) (6)

where M., is the MGF for a zero-mean Gaussian variable
with variance o

My, (s) = T2 (@)

M, (s) is the MGF of X,: the filtered shot noise contribution
to the decision variable Z. The product of MGF in (6) is a
consequence of the stochastic independence of the shot and
thermal noise.

The filtered shot noise is well modeled by a doubly stochas-
tic Poisson process with intensity A(#). Hence, for the case of
an integrator postdetection filter, A, is given by

May(s) = Ma(e® — 1) ®)

where My (s) = E{e"*} and A = [] A(#) dt is the Poisson
parameter [12].

The signal and the interferer are assumed to exhibit aligned
state of polarization (worst case) and perfect bit alignment.
With the above mentioned assumptions the parameter A takes
the form

1T
A =m(by 4 €bf) + 2m/bible x T/ Hydt (9
Jo

where the function £(#) is given by
E(t) = cos [ (t) — du(t — 1a)] (10)
in which 74 is the interferometric delay time.
Conditioning on the value of + the MGF for A is given by
My, (5,7) = exp [sm(by + ebg)] exp [2sm Vhbger]. (1D

The variable v takes values in the interval [—1, 1]. Denoting
the pdf of v by f,(-) the unconditioned MGF for A can be
written as

ol
Ma(s) = / 1 My (3,7) - (3) d5. (12)

The pdf function [-(-) can be estimated from the moments of
~ by using a maximum entropy approach [13]. Based on the
knowledge of the MGF we can compute error probabilities
by the so-called saddlepoint approximation as outlined in
Section V.
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III. MOMENT CHARACTERIZATION OF
FILTERED INTERFEROMETRIC CROSSTALK

Thf: laser phase [function ¢s.(t) in (1) and (2)] is modeled
as Wiener (Brownian motion) process whose autocorrelation
is given by

R(t1,t) = 2rArvmin (t1,t2) = Bmin (¢, ts) (13)

where Ar equals the 3-dB bandwidth of the Lorentzian shaped
laser power spectrum [14].

The phase difference Ad(t) = P (t) — ot — 14) is also
a Wiener process, Gaussian distributed with zero mean and
autocorrelation function given by

Blra — I7]), <7,
RM,(T):{ZL 1= I7l) fig;gf o1

The autocorrelation function of the process &(t) is related to
the autocorrelation of the process A¢(t) in the following way
([15], Section VIII-C2)

RG(T) = i; (?(_[[(A”‘((’)JrRAu(7’)]) + % (7‘(7[RA~(O)*RA.,(T):)‘

(15)
Substitution of (14) in (15) yields
L =] 14 »—28(ra—|7|) .
Re(r) = { z¢ ML +e Jo Il <7
e—Alrl, bl e (16)

The autocorrelation functions (14) and (16) are used to derive
the moments of filtered interferometric crosstalk.

A. The Moments
The filtered crosstalk [cf., (9)] is denoted by

s I ¥ _1r
= T'/0 &) dt = i/ﬁJ{(n)dtl. )

The mean, first moment, of the variable 7 is easily derived

2

i A o3
i =E{v} = 7 /] Efcos [Ap(H)]} dt = exp ~i)_
J

(18)

By f)bserving (18) and (16) we find that the process £(t) is
a wide-sense stationary stochastic (WSS) process. Thus, the
second moment for v can be found by [16]

9

ol
m2 =E{¥*} = = / (L = 7)Re(7) dr. (19)
= Jy N
Inserting (16) in (19) it turns out that

E{y"} -

= Rl T - 1 AT+ AT — L4 ),

A plot of the variance of v, Var {~} = E{y%} — (E{y})2, for
different values of /3 and 7, is presented in Fig. 2, keeping a
fixed value for 7". For comparison reasons we use as reference
an integrator filter with equivalent bandwidth defined as Bc —
(1/7). In the sequel, all considered filters are assumed to
have the same noise equivalent bandwidth. As we can observe
from Fig. 2 the variance of filtered interferometric crosstalk is
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Fig. 2. Variance of filtered interferometric crosstalk.

strongly dependent on the relation between the values of By,
and 7. For instance, if we consider the situation for 47" — ()
(negligible filtering), we have that the variance of v increases
with 37, from its minimum value zero to its maximum value
of one-half for /7, > 1. For the case of 74 = 0 the process
Ad¢(t) is an standard Brownian motion in contradistinction to
a stationary Gaussian process when 7, > 0. For this particular
case the variance of + is an increasing function of 37",

We are interested in the regime when the interferometric
noise is less damaging, i.e., when it has a small variance.
It can be seen from Fig. 2 that this occurs when the values
of 74/1 and 1 are large. It corresponds to the case of
incoherent interferometric noise (interferometric delay time
much larger than the light source coherence time) and a
laser linewidth larger than the filter bandwidth. The fact
that the variance decreases for large values of 7' is an
important characteristic of filtered interferometric crosstalk.
It indicates that one can reduce interferometric crosstalk in
optical networks by assuring a high value of B = j3/Be. As
the value of the postdetection filter bandwidth is governed by
the system bit rate, a high value 3 /Be can be achieved, for
instance, by broadening (phase dithering) the laser spectrum.

The higher moments of 4 can be found by the following
relation [17]:

5
_ - (k
e = g O 1P k= 20
Va
in which
ot
00 :/ Hont JO=1) gy @
0
with the initial condition I,S“" = ¢"?7, The parameters b,,,

and ¢ are given by (33) and (34), respectively. See Appendix
A for a derivation.
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The third moment is found to be equal to
3 —(9/2) 37
3=z [ (1 + 3T )
18 = RBTR {( +4T) |
) ! . I
+<1 + (A1)~ 2BT + 21 >->
eI (;JT _ 1)(;2,31"—(9/2%%4

_(J,(l/g}%,,fz;gr} )

The analytical expressions for higher moments becorAne com-
plex as the order increases. However, the recursion (?])
is expeditiously solved by computer programs supporting
symbolic integration. We have computed moments up to the
twelve order.

In several applications of interest, for instance in WDM
networks, the interferometric delay is of a larger magnitud.e
than the laser coherence time (/374 > 1). This situation is
called the incoherent interferometric noise regime. For this
case we notice that the terms containing exponentials of
—{374 may be neglected and consequently the odd moments
of the filtered interferometric crosstalk vanish and the even
moments are function of the parameter /37" alone. The resulting
expression for even moments up to order four are given below

[T + BT - 1] 22)

(3T)?
[e™4* 1783 4 144(BT)* — 54087

2 = Var{y} =
B 1
= D

— (24087 + 784)c ™. (23)

IV. PROBABILITY DENSITY FUNCTION OF
FILTERED INTERFEROMETRIC CROSSTALK

A. Maximum Entropy Approach

The probability density of a random variable can be esti-
mated by a maximum entropy approach based on its known
moments [13]. Using this approach we have estimated the pdf
of filtered interferometric crosstalk considering a laser source
with a 3-dB linewidth of 45 MHz. If we use a filter with
an equivalent bandwidth of 34, 141.3, 565.2 MHz, then the
corresponding parameter 37 is equal to 8.3, 2.0, an'd 0:5;
respectively. In Fig. 3 is presented a plot of the estimated
pdf for the three different values of /7. We observe that as
the product /#1 increases the shape of the pdf changes from a
two pronged one to a Gaussian like function shape for large
values of /1.

The maximum entropy approach can be arbitrarily used
for estimating an unknown pdf based on a finite numt‘)er of
moments. We performed computer simulations and experimen-
tal measurements to justify the use of the maximun entropy
criterion in the performance evaluation of optical systems
disturbed by filtered interferometric crosstalk.

B. Computer Simulation

The statistics of filtered crosstalk ~ has also been. studied
with the aid of computer simulations. The simulations are
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Fig. 3. Probability density function of filtcred crosstalk as a function of 37"
The pdf is estimated using a maximum entropy approach.
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Fig. 4. Statistics of filiered interferometric crosstalk as a function 'of ,JT6.
Simulations results for a seventh-order Butterworth digital filter, using 10
samples.

performed in the following way. A process A¢(t) is generate-d
with a corresponding variance /37,. Then the functional £(t) is
formed. Further, the process ¢ is passed through a filter. The
filter used is a seventh-order Butterworth digital filter. The
filtered samples are then analyzed in a frequency hist.ogram
yielding an estimate of the probability density function of
the filtered crosstalk. The simulated pdf of filtered crosstalk
for the values of 47 = 0.5, 2.0, and 8.3 with a fixed value
/7y = 50.0 is displayed in Fig. 4. It is observed again that the
statistics changes from a two-pronged shape for small values
of 37T (wide bandwidth filter) to a Gaussian-like shape for
larger values of /31" (narrower bandwidth filter). This agrees
well with the simulation results in [18].
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Probability density function

Filtered interferometric crosstalk, %

Fig. 5. Statistics of filtered interferometric crosstalk. Measured results for the
incoherent regime. The 3-dB laser linewidth is 45 MHz, The filter bandwidth
is (a) 2500 MHz (47 = 0.11) and (b) 34 MHz (47 = 8.3)

C. Measured pdf

Measured probability density functions of filtered interfer-
ometric crosstalk are shown in Fig. 5. Details of the exper-
imental setup are presented in Section VI. The incoherent
regime (/374 > 1) is assured in the experiment. The laser 3-
dB linewidth, conrtinuous-wave (CW) operation, is measured
to be 45 MHz. Two filters are used: 1) a filter with a 3-dB
bandwidth of 2500 MHz. This case correspond, approximately,
to having a value 7 = 0.11 and 2) a filter with 34 MHz 3-
dB bandwidth (/37" = 8.3). The measured pdf’s confirm the
theoretical results (incoherent regime) on the reshaping of the
statistics from a two pronged function to a Gaussian like shape
as the filter bandwidth becomes smaller than the light source
3-dB linewidth; as (7" increases. This result is in agreement
with measurements reported by others workers in the field [1],
[18], [19].

V. PERFORMANCE ANALYSIS

The question is to evaluate the average error probability for
an ASK/DD system. The error probability, given that a binary
“one” is transmitted is

q—(c) =F(Z<a)

where v denotes the decision threshold. Similarly, the error
probability, given a binary “zero” is transmitted is

q+(u) = P,U(Z > tv).

Assuming that the symbols are a priori equally probable, the
average error probability is

Po= 4 g (o) + g5 ()], @4
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A. Analysis by Saddlepoint Approximation

The saddlepoint approximation (SPA) has been proposed
by Helstrom [20], as an efficient and numerically simple tool
for analyzing communication systems. The SPA has shown a
reasonably high degree of accuracy in the analysis of optical
communication systems, e:8., [21].

As shown in [20] the tail probability q+(), and ¢_(q), are
approximately equal to

exp [ (s0)]
27!'@”(:5’[])

exp [9(s,)]

\/ 27(‘11”(-91)

(25)

G+(a) =~ and ¢ (a) =

respectively, the so-called saddlepoint approximation. The
function ¢(s) is related to the MGF for Z, Mz(s) by

P(s) =l [Mz(s)] — sce — In |s]. (26)

The parameters s, and s, are the positive and negative root,
respectively, of the equation

'(s) =0 @7n

and ¢”(s,) stands for the second derivative of (26) at
8 = so1. (See [20] or [15] for further details.) The error
probability is minimized by adjusting the detection threshold
«v. The optimum value of « and the parameters S0,51 may be

found numerically by solving an appropriate set of equations
[15].

B. Gaussian Approximation

For simplicity reasons, in the performance analysis of a
variety of communications systems, it is often assumed that
the interfering noises are Gaussian distributed. We proposed
to consider the filtered interferometric noise to be Gaussian
distributed with mean zero and variance given by (22) in-
stead of having a variance equal to one-half as assumed in
previous analyzes, e.g., [2], [3]. This assumption simplifies
the performance evaluation. It is found that the proposed
Gaussian approximation yields reasonable good results for
(small) crosstalk values ¢ that does not result in large power
penalties (less than 2 dBm); see Figs. 7 and 8.

Until now we have considered the case of interferometric
noise arising from a single interferer. In many applications,
as in multichannel WDM networks, there will be a multiple
number of interferers. Although in this work we do not
present experimental results for the case of multiple interferers,
in Appendix B we show how to include N sources of
interferometric noise in the performance analysis.

VI. EXPERIMENT

The measurement setup to verify the theory is schematically
given in Fig. 6. At the transmitter side, two light sources
modulation schemes are used, namely, direct modulation in
Fig. 6(a) and external modulation in Fig. 6(b). In Fig. 6(a) a
distributed feedback (DFB) laser which has a CW-linewidth
of 45 MHz is modulated directly by an electrical pulse pattern
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Fig. 6. Experimental sctup used to measurc power penaltics due to filtered interferometric crosstalk. Two light source modulation schemes are used:

(a) dircct modulation and (b) cxternal modulation.

generator with nonreturn-to-zero (NRZ) signals. The generated
pseudorandom binary signals have_a bit-rate of 62_2 Mb/s
and their pattern is repeated after 2° — 1 bits. By this direct
modulation scheme we have obtained optical signals of an
average extinction ratio of 15 dB.

In the external modulation scheme, Fig. 6(b), lightwaves
coming from the DFB laser are coupled into a lithium niobate
(LiNbO3) modulator. The modulator is driven by the 622 Mb/s
27 — 1 pseudorandom electrical signals. The resulting opt.ical
signals have an improved extinction ratio of 20 dB. Besides
that, the spectral broadening or chirp which is very common
in directly modulated laser is reduced. We have observed }hat
the spectral width of external modulation is dctermineq ma.mly
by the modulation speed, i.e., 622 MHz whereas in direct
modulation the combined effect of adiabatic and transient chirp
makes the spectrum wider than that of external modulation.
Measurements of the spectrum for the direct modulated light
source case yielded values in the range from 1.9 to 2.4 GHz.

After the transmitter, the lightwaves are splitted to form a
signal and a crosstalk path by a Mach-Zehnder structure wifh
one of its arm 7 km longer than the other. The difference in
the arm-length is intended to decorrelate information signals
from crosstalk. The state of polarization of the information
signal with respect to the crosstalk is matched to produce a
worst case condition at the detection. In the crosstalk path
a variable optical attenuator is located for crosstalk power
adjustment relative to the signal power. Another att.enuat‘or is
placed after the Mach-Zehnder structure to vary optical signal
powers coupled to an optical detector for bit error rate (BER)
evaluation.

As detector, a broad-band optical-to-electrical (O/E) con-
verter followed by electrical filtering is used for studying the
statistics of filtered signal-to-crosstalk beating noise. But for
BER-evaluation and power penalty analyzes a receiver module
with a more sensitive InGaAs p-i-n photodetector incorpo-
rating also a high-gain electrical transimpedance amplifier is
employed. The detector’s sensitivity is around —30 dBm for
a BER of 10™°. The BER and power penalties measurements
are performed using an optimized decision-threshold. The
resulting BER values are lower than those obtained with a
fixed threshold.

External Modulation
e

T T

= = iment ' ! 4
45) ~0—.— Experiment , i
$ 4
= i ’ ‘ 4
‘. Gaussian i 4

¢ S

)
2 3.5k Moments 4 K 4

Power penalty |dB| for BER:

24 2
Relative crosstalk [dB]

Fig. 7. Mecasured power penalties for the external light source modulation
casc (marks). The solid line represents the theoretical result (moment based)
while the dotted linc is the Gaussian approximation result.

VII. RESULTS AND DISCUSSION

A. External Modulation

Measured power penalties for an externally modulated light
source, at 2 BER of 1077, as a function of the crosstalk power
¢ is presented in Fig. 7 (marks). The 3-dB laser linewidth is
found to be mainly determined by the modulation rate. In
Fig. 7 the solid line represents the theoretical result while
the dotted line is the result by the Gaussian approximation.
We can observe in Fig. 7 good agreement between theory
and experiment. The Gaussian approximation gives reasonable
good result for small values of ¢ that result in small power
penalties while for large values of ¢ this approximation yields
too pessimistic results.

B. Direct Modulation

The spectral line of light sources like a DFB laser is consid-
erably broadened under direct modulation, e.g., [22] and [23].
This is due to the laser dynamics during the transitions from
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the dolted line is the Gaussian approximation result.

one power level to another. This spectral broadening, “chirp,”
is a key differencing property of directly modulated lasers
from externally modulated lasers that experience negligible
or smaller spectral broadening.

Interferometric noise arising from directly modulated DFB
light sources has been shown to be bit-sequence dependent
[24]. This fact together with the (dynamics) transient and
adiabatic chirp properties of directly modulated sources make
the analysis of interferometric noise a more complex task
than in the case of externally modulated light sources. In the
performance analysis, we proceed by assigning to the 3-dB
laser linewidth the average measured value Ar = 2.2 GHz.

The spectral broadening by the direct modulation results in
a larger value /47" than in the case of an externally modulated
source. Hence the resultant reduction in variance of the filtered
interferometric crosstalk [cf., (22)] suggest that lower power
penalties will be incurred. This is actually confirmed by
the experiment. In Fig. 8 is displayed the measured power
penalties for a directly modulated source (marks). Comparing
with the results for the external modulated source (Fig. 7)
the system with a directly modulated source experiences less
power penalties due to filtered interferometric crosstalk. These
results are in good agreement with previous observations
by other authors [4], [8]. Interferometric noise reduction by
broadening the spectrum (by, e.g., phase dithering or phase
noise modulation) has already being proposed and exploited
[S]-{11].

In Fig. 8 are also displayed the theoretical, moments based,
results (solid line) and the results by the Gaussian approx-
imation (dotted line). Good agreement between theory and
experiment is also observed. As in the previous case (Fig. 7),
the Gaussian approximation gives a reasonable good result
for small values of ¢. The experimental results show that
power penalties are kept less than 1 dBm if the crosstalk
parameter « is better than —23 dB for a directly modulated
source, and better than —26 dB for an externally modulated
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source. The theoretical, simulations and experimental results
clearly indicate that significant interferometric noise reduction
is possible if the laser 3-dB bandwidth is larger than the
postdetection filter bandwidth.

VIII. CONCLUSIONS

This paper presents a statistical analysis for filtered interfer-
ometric noise which takes into account the relation between the
laser (signal and crosstalk) 3-dB bandwidth and the postdetec-
tion filter bandwidth. The impact of interferometric crosstalk
on the performance of optical networks turns out to be
strongly dependent on this relation, for instance, significant
interferometric noise reduction is possible if the laser 3-dB
bandwidth is larger than the postdetection filter bandwidth.
This operating situation can be achieved by broadening (phase
dithering) the laser spectrum. Research on the topic is in
progress.

This paper also gives insights, both by an accurate sta-
tistical analysis and experiment, on why ASK/DD systems
with directly modulated light sources incurred less power
penalties due to interferometric noise than systems using
externally modulated sources. The reason being the different
resulting relation between the laser 3-dB bandwidth and the
postdetection filter bandwidth.

The presented theoretical analysis has shown good consis-
tency with experimental results from an ASK/DD system using
externally, and directly modulated light sources.

APPENDIX A
DERIVATION OF MOMENTS

In this Appendix a derivation for the moments of the
variable v is given. We follow closely the presentation by
Roudas [17]. The moment of order &, E{~*}, is given by

1ot ot -t
10 :F/ ( / _ / E{cos Ad(t1) x cos Ag(t,)
JN=T Jt-T Jt--T
X X cos AD(tr) bty dby - - dity. (28)

Using trigonometric identities and the representation for cos (-)
as the real part of an exponential function we have

1
Mk = 551w

b4

: {Re {/’:1 /’il o /LTE{QX})(J'[A(/)(“)

+ o AB(ta) + Ap(tr)]) ) dty dty - dtk}

ot pt ot

+Re{/ / / E{exp (j[Ap(t))
Je—v v Ji—r

+ Ap(tr) — -+ A(/)(t;\.)])} dty dty -+ -!ltk}

ol {/zil /e:r a /tiT Hepljlagth)

- A’f’(r'.’) = e Af/’(f}.)])} rlfl E[fg o dtk}} o
(29)
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We observe that the integrands are the characteristic func-
tion of a sum of zero mean Gaussian variables Ap(ty),
Ag(ta), -, Ad(tx) which is given by [25]

N

Eq exp _jz wp Ap(ta)
k=1
N
= exp —% Z wpgRas(thati) | - (30)
kd=1

Arranging the integration variables in increasing order, i.e,
t, <ta < --- <tj it can be shown that

k!
M = 55—k

‘ [Re {/,:, /,'_A, v /’il Efexp (j[A¢(t)

4+ oo AP(t2) + Ad(t)]) }dtydts - - dty,

i o b
+Re {/ [ = | Bles Gilaoe)
Je=1 Jt=T -1

+ Ap(ta) — -+ At} dty dbz - drk}

. fly rla
/’ / / E{oxp ([A¢(H)
t—T Jt—T Jt=T

— A(f)(fz> — = ,’_\ql)(f,‘.)])} dy dty - (If)\}} &

+---+Re{

(€20)]
Let denote by a = (ay,az. - ,ay) the set of signs +1 or
_1 in front of the variables Ad(t1). A¢(ta).- - .A«f‘:(f;{). We
consider the general case, f; <t» < -+ <f, for which we get

E{(,(j[‘1\ At )Fa2 Ad(ts )+ +ay Aty )]) 4

_ {,(dEf, 1 bty FedTa) (32)
in which

n 1S
—l+Zul— Z a l<n<k-1

=1 I=n+1 (33)
K
-1+ ay Zru
=1

and the term ¢ is given by

k n
c= % = Za,, Z“" (34)
=1

n=l

b=

n=4k

Considering a particular set a and substituting (32) in (31),
we have that

it it ity
h= | [ [ Blew lmasw)

t—1 J1-T % g
4o asDp(t) + ardp(tr)])} diy dty - -ty

ot ot ta 3
— otPT / ’_,,.‘ibk.“ / '.".‘1!;;._\1‘ S / ehot dt,
Jt=T Ji=T Jt=T

. r],f'_; 4 -df]t..

o oy i (o i
with the initial condition Io g
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The integrals in (35) obey the following recursive relation:

ot
1 = / Phots 100 dg,, 35
40

i3

Finally, the i moment can be expressed as

k! .
L a9
Va

APPENDIX B
PERFORMANCE ANALYSIS FOR
MULTIPLE CROSSTALK INTERFERERS

This Appendix shows how to extend the performance anal-
ysis in order to include N sources of interferometric crosstalk.
We proceed by following [5] in which we have that the average
error probability, /., given a detection threshold «, is given by
a weighted statistical average of the error probability P-(«v ..,:)
for each value ;. binomially distributed, of interferers being
simultaneously a digital “one” (see [5, eq. (22)}). Given a value
41, the MGF for A, M (), consists of the product of the MG.Pr
for all the resultant signal and crosstalk beat terms; see 21) in
[5]. The MGF Al (s) is evaluated in a similar way as in (12)
observing that we need now to determine the pdf for a sum
of independent identically distributed (i.i.d) random vanal:)les
(RV) of the type in (17). The performance analysis comprises
the following steps.

1) Given a value ;i determine the number of terms signal-
to-crosstalk, crosstalk-to-crosstalk, beating terms in A:
taking into account the extinction ratio o. )

2) For each resulting sum of RV of type (17) compute its

pdf. This is done in the following way: compute the
moments for each RV in the sum as shown in Section III-
A (eventually for different values of (T). Compute the
cumulants by the standard relations between moments
and cumulants [26]. The cumulants for a sum of i.i.d
random variables is given by the sum of the cumulants
of each RV in the sum. Compute the moments of the
sum from the cumulants [26]. Based on the moments
estimate the pdf by the maximum entropy approach.
Evaluate the error probability by the SPA (see
Section V-A) based on the MGF Mj(s) (using the
estimated pdf computed in step 2).

4) Finally, the average error probability, F. is evaluated.
Using the above procedure the performance analysis accou.nts
for data statistics, interferometric crosstalk statistics, extinction
ratio, shot noise and thermal noise. The Gaussian approxi-
mation, proposed in Section V-B, will simplify the analysis,
requiring less computing time. It is expected that for a large
number of interferers the Gaussian approximation, via the
Central Limit Theorem, will yield results closed to those
obtained by the accurate statistical approach.

3
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Abstract. Interferometric crosstalk is a performance limiting factor of major concern in all-optical WDM trans-
mission networks. Interferometric crosstalk arising from performance imperfections in optical components may
introduce large power penalties and bit-error rate floors. Optical amplifiers are often used to increase the signal
level incident on a detector so that high receiver sensitivity can be obtained. We investigate theoretically and ex-
perimentally the performance of optically preamplified, direct detection receivers in the presence of interferometric
crosstalk. The model includes an accurate description of filtered interferometric crosstalk by using a maximum
entropy approach. Experimental results, using both directly and externally modulated light sources, are found to

be in good agreement with theory.

Keywords:  Optical crosstalk, wavelength division multiplexing networks, error analysis, optical communication,

optical amplifiers.

1. Introduction

All-optical WDM networks, comprising optical
add/drop modules and/or optical crossconnects will
employ optical components that may introduce
crosstalk. Interferometric crosstalk arising from per-
formance imperfections in (de)multiplexer and optical
switches may result in large power penalties and bit-
error rate floors, e.g., [1-4]. In Figure la is shown
an example of a crossconnected optical network. Let
us considered a channel at a certain wavelength A; at
one extreme of the network (mark “in” in Fig. la).
Due to performance imperfections of components in
the optical nodes at the other extreme (“out" in Fig. 1a)
the channel will experience crosstalk interference from

*This work was supported in part by the European Commission
ACTS project AC332 APEX.

other channels operating at the same wavelength; in-
band crosstalk. Channels operating at different wave-
lengths may also fall within the receiver bandwidth
producing interband crosstalk. State-of-the-art inte-
grated optical crossconnects show a typical value of
-20 dB of inband crosstalk and a value of interband
crosstalk less than -40 dB [5]. Power loss of integrated
cossconnects is still high due to the high refractive
index of InP-based material. A loss of 13 dB was re-
ported in [5]. When dilated optical switches are used
to improve further the crosstalk performance, the loss
will be even higher. All-optical networks employing
the advanced integrated crossconnects are likely to in-
corporate optical amplifiers to compensate for power
losses, and also for sensitivity enhancement resulting
in a larger power budget.

Hence, it is of importance to study the performance
of optically preamplifed receivers in the presence of in-
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Fig. la. Optical crossconnected transport network.
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terferometric crosstalk. The main contribution of this
paper is the accurate theoretical model for the receiver
performance and the validation of its results by relevant
experiments. The receiver model includes an accurate
statistical description of noise. The statistics of filtered
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interferometric noise is determined by using a maxi-
mum entropy approach. The non-Gaussian statistics‘of
detected amplified spontaneous emission (ASE) noise
is also included. We present experimental results for
power penalties, due to interferometric crosstalk, for
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Fig. 2. Optical preamplified ASK/DD receiver

a system using directly and externally modulated light
sources. We found that, regardless of the light source
modulation type, optical preamplification does not im-
prove the receiver’s tolerance toward crosstalk. Ad-
ditional power penalties with respect to the case of
no-preamplification are observed. This is attributed to
ASE-crosstalk beat noise contributions. The experi-
mental results are found to be in good agreement with
theory. The rest of the paper is structured as follows.
The system model under investigation is presented in
Sect. 2. The experimental setup is described in Sect. 3.
Experimental results, their discussion and comparison
with theory are the topic of Sect. 4. Finally, in Sect. 5
summarizing conclusions are presented.

2. System Model

A signal traversing an optical crossconnected
network will accumulate crosstalk due to perfor-
mance imperfections of the wavelength selective
(de)multiplexers and space switches. Fig. 1b shows
as an example the crosstalk mechanism in an inte-
grated crossconnect that can switch signals at two
wavelength channels, independently, from two inputs
to two outputs. The crossconnect is based on an
arrayed-waveguide grating (AWG) multiplexer, and
implemented by connecting the demultiplexer outputs
to multiplexer inputs through the space switches. A
certain wavelength channel can be passed to an de-
sired output by activating the switch either in cross or
in bar state. Both inband and interband crosstalk will
take place in the crossconnect due to power leakage
in the optical devices. Interband crosstalk arises from
inadequately suppressed wavelengths in the demulti-
plexers (mark "WDDM1" and "WDDM?2" in Fig. 1b).
In the inband crosstalk case, the desired signal and
the leakage signal have the same nominal wavelength.

For example, the signal at wavelength A, from input 1
(A1.1) of the first space switch suffers inband crosstalk
(mark "SS1") from A, »,. At the end of the crosscon-
nect, the multiplexers collect all wavelength channels
together and the resulting output channels suffer from
accumulated crosstalk (mark "WDDM, SS1, SS2").
The detrimental effects of WDDM, SS1, and SS2 on a
desired channel is enhanced by the fact that they have
the same nominal wavelength and the resulting beat-
ing terms fall within the receiver bandwidth. This kind
of crosstalk (inband crosstalk) once being added to a
desired signal cannot be removed by signal processing
(optical filtering), and therefore it will accumulate as
signals traverse several nodes in a crossconnected net-
work.

Optical amplifiers are commonly used as preampli-
fiers (before detection) to enhance the system sensitiv-
ity. Hence it of importance to assess the performance
of optically preamplified receiver in the presence of
crosstalk. We will consider an ASK/DD (amplitude
shift keying/direct detection), optically preamplified
receiver whose schematic diagram is depicted in Fig. 2.
The incoming optical signal Y (¢) (informative signal
and crosstalk), after traversing one or several optical
crossconnects, is amplified and subsequently filtered
in order to reduce the effect of the ASE noise. The
photodetector output is passed through an integrate-
and-dump filter and sampled to form the decision vari-
able Z. The decision device derives an estimate of
a transmitted binary symbol by comparing the value
of the decision variable with a preselected detection
threshold.

We are interested in assessing the error performance
of the system. To accomplish this goal we use an sta-
tistical method for evaluating the error probabilities:
the so called saddlepoint approximation which makes
use of the moment generating function (MGF) for the



receiver decision variable [6]. So, for the performance
analysis we need to determine the MGF (which pro-
vides a complete statistical description) of the receiver
decision variable. We proceed by following [7] where
a detailed presentation of the performance analysis for
ASK/DD systems subject to interferometric ctosstalk
is given. We have that the decision variablg is com-
posed of the contribution of the shot noise (including
crosstalk and ASE) and the receiver thermal noise. The
MGEF of the decision variable Z is then given by [7]

]Uz(s) = ]\Is;,(s)]\f[th(s), (1)

where M, is the MGF for a zero mean Gagssian
variable with variance o%,: Min(s) = exp (s07,/2).
My, (s) is the MGF of the filtered shot noise (photocur-
rent) contribution to the decision variable Z. The shot
noise is well modeled as a doubly stochastic Poisson
process with intensity A(¢). Hence, for the case of .and
integrate-and-dump postdetection filter, Mp 1s given

by [11]
M;n(s) = My(e® = 1), 2

where A = fOT X(t)dt is the Poisson parameter. The
photoelectron intensity A(t), in a normalized way can
be written as:

AD) = 31BOP, @

in which B(t) represents the optical field, equivalent
baseband form, falling upon the photodetector.

2.1. Optical preamplification

Consider an optical signal Y (¢) at the inpu't of the
EDFA preamplifier which is modeled as an optical field
amplifier with power gain G, an additive noise source
X (t), representing the ASE noise and an optical filter
with complex equivalent baseband impulse response
r(t); see Fig. 2. The optical field at the output of the
amplifier is

B(t) = VGY (1) + X (t). )
The density of X (t) expressed in photons per second
is given by [9]:

]V(] = 7131)((: == ].),

in which 725, represents the spontaneous emission 'pa-
rameter. For the further analysis, we assume that Y (¢)

is confined in the bit interval and that the impulse re-
sponse r(t) is limited to the same time interval. We

can therefore expanded B(t) in a Fourier series. Sub-
sequently, the optical field B(t) can be written as:

k=L
B(t)= Y (Vi +Xp)e™/T, ®)
k=—L

where 3 = 2L + 1 (the number of temporal mod.es )
equals the the ratio of the bandwidth By of the optical
filter and the data rate B = 1/T":

/jZZBo/B.

The ASE noise is considered to be a white Gaus-
sian noise, hence the real and imaginary part c?f
Xy = Xeop + j X5, are Gaussian independent vari-
ables with equal variances for all =L < k < Ty
Var{ X} = Var{ X} = NoB.

We can now express A as:

= ' .
a=3(Y2 Vi@ + Xa +X2). (6

k=—L

We focus now on the derivation of the MGF for Z,
accounting for crosstalk and optical preamplification.
Our first step towards the derivation of this MGF is
to condition on the value of 1}, and observe that A
is the sum of 2/3 independent Gaussian variables with
variance equal to Ny /2 of which /3 have mean Y% VG.
From the orthogonality of the base functions €’ L
we have that

T k=L
[ wopa=1 3 m
0

k=—L

2, )

The conditional (on Y3) MGF for Z is given by a
noncentral chi square distribution function [8]:

1 LTyl IVGYR

Ma(#) = T Ngape &P ( 1— Nos

@)

The second step is to average over all possibles values
of Y}, from which we obtain:

i i S
— M ’ 9
My(s) = - Nos)/ﬂ Ma, (1 — .Nos) ©

where Ay is given by

Ao = L /'T WGY (). (10)

Expression (10) is (except for the amplification factor
G) the Poisson parameter for a receiver without optical
amplification [7]. The MGF (9) agrees well with the
derived results in [9-11].

The MGF for the decision variable for a receiver sub-
ject to interferometric crosstalk arising from a single
interferer source (operating at the same nominal wave-
length as the informative signal), without any pream-
plification is given by [7]

vl
My, (s) = / My, (5,7) £4(7)dA, (11
—1

in which

My, 4 (s,7) = exp [sm(b] + €bg)] exp [2m\/bEDE €7].

(12)

and f,(-) is the probability density function (PDF) for
the filtered interferometric crosstalk y which is given
by

1 P
T=7 / Cos [QJ)G([) - d’t(t - Td)]([t,
T Jy

where 7,4 is interferometric delay, and ¢ . (¢) is the
phase of the signal and crosstalk, respectively.

Some explanation on the symbols used in (12). The
number of photons contained in an optical pulse for a
transmitted binary “one” is denoted by m while gm
photons are contained in an optical pulse for a trans-
mitted binary “zero”. The variable b;* represents the
binary symbols for signal and crosstalk, respectively,
inacertain bitinterval k. The ratio of leakage crosstalk
to signal power is denoted by €.

The PDF of 7 is evaluated using a maximum entropy
approach based on a finite number of computed sta-
tistical moments. In Appendix A is presented a short
derivation for the moments of . In [7] a more detailed
derivation is given.

Substituting (11) into (8) we obtain an expression for
the MGF of the decision variable Z for a receiver
subject to interferometric crosstalk and using optical
preamplification.

2.2.  Performance analysis

Based on the knowledge of the MGF, Mz (s), the per-
formance analysis is carried out with the help of the

so-called saddlepoint approximation [6]. We follow
closely the performance analysis approach of [7]. See
also Appendix B for a presentation of the procedure
for the computation of error probabilities. The de-
rived MGF in (11) accounts for the statistics of filtered
interferometric crosstalk, and noncentral chi squared
statistics due to preamplification [10]. The analysis
also accounts for the data statistics, all possible com-
binations of the interfering bit and the signal bit, and
non-perfect extinction ratio. In many practical appli-
cations the delay time 7, is much larger than the laser
coherence time; the so-called incoherence interfero-
metric noise. This type of (incoherent) interferometric
crosstalk will be generated in the experimental setup.

3. Experimental setup

The measurement setup to verify the theory is

schematically given in Fig. 3. At the transmitter side,
two light sources modulation schemes are used, namely
direct modulation (a) and external modulation (b). In
Fig. 3(a) a distributed feedback (DFB) laser which
has a CW-linewidth of 45 MHz is modulated directly
by an electrical generator of non-return-to-zero (NRZ)
signals. The generated pseudo-random binary signals
have a bit-rate of 622 Mbit/s and their pattern is re-
peated after 27 — 1 bits. Using this direct modulation
scheme we have obtained optical signals of an average
extinction ratio of 15 dB.
In the external modulation scheme, Fig. 3(b), light-
waves coming from the DFB laser are coupled into
a lithium niobate (LiNbO3) modulator. The modula-
tor is driven by the 622 Mbit/s 27 — 1 pseudo-random
electrical signals. The resulting optical signals have
an improved extinction ratio of 20 dB. It should be
noticed that due to practical limitations a short binary
sequence is used. This is to avoid the possible baseline
wandering effect at the receiver circuit in case of along
sequence of binary “ones” and “zeros”. We have ob-
served that the spectral width of external modulation is
determined mainly by the modulation speed, i.e. 622
MHz whereas in direct modulation the combined ef-
fect of adiabatic and transient chirp makes the spectrum
wider than that of external modulation. Measurements
of the spectrum for the direct modulated light source
case yielded values in the range of 1.9-2.4 GHz.

After the transmitter, the lightwaves are split to form
a signal and a crosstalk path by a Mach-Zehnder struc-
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Fig. 3. Experimental setup used to measure power penalties due to filtered interferometric crosstalk. Two light source modulation schemes

are used: (a) direct modulation, and (b) external modulation.

ture with one of its arm 7 km longer than the other.
The difference in the arm-length is intended to decor-
relate information signals from crosstalk. The state of
polarization of the information signal with respect to
the crosstalk is matched to produce a worst case con-
dition at the detection. In the crosstalk path a variable
optical attenuator is located for crosstalk power adjust-
ment relative to the signal power. Another attenuator
is placed after the Mach-Zehnder structure to vary op-
tical signal powers coupled to an optical detector for
bit error rate (BER) evaluation.

An erbium-doped fiber amplifier (EDFA) followed by
a 1.8 nm bandwidth optical filter is used to pream-
plify the signal before detection. The receiver has an
electrical bandwidth of 1.8 GHz with is sufficient to
ensure that the signal, crosstalk and ASE noise beating
at 622 Mbit/s are detected. The power penalties mea-
surements at a BER of 10~ are performed using an
optimized decision threshold.

4. Results and discussion

The experimental and theoretical results for power
penalties as a function of the crosstalk parameter e:
the ratio of leakage crosstalk to signal power, are pre-
sented in Fig. 4. As we can see from Fig. 4 the system
employing an externally modulated laser source in-
curred larger power penalties than the system using a
directly modulated laser. This difference is attributed
to the fact that the spectrum of the directly modulated
laser source is broader (due to chirp) than in the ex-
ternal modulation case and after postdetection filtering

the interferometric crosstalk is strongly filtered out [7].
We can also observe that the measurements and theory
are in relatively good agreement; within a margin of
0.5 dB discrepancy for power penalties less than 2.5
dB. This discrepancy is attributed to measurement er-
ror and eventually additionally power penalties due to
postdetection electrical signal processing.

Figure 5 presents a comparison of power penalties be-
tween the preamplified system and the case without
preamplification. As we can observe in Fig. 5 the case
with preamplification results in larger power penal-
ties than the system without preamplification, for both
types of light source modulation. This is attributed to
additional penalties due to crosstalk-ASE beat noise
contributions as already pointed out in [12]. The same
tendency can also be seen from theoretical results for
the crosstalk levels used in the experiment. From our
theoretical and experimental study we have observed
that optical preamplification does not enhance the sys-
tem tolerance toward inband crosstalk.

5. Conclusions

We have reported a theoretical and experimental study
of the performance of optically preamplified receivers
subject to interferometric crosstalk. Systems using di-
rectly and externally modulated light source has been
used in the experiment. We found that optical pream-
plification, apart from improving the receiver’s sensi-
tivity, does not enhance the systems tolerance toward
interferometric crosstalk. Moreover, additional power
penalties are observed due to crosstalk-ASE beat noise
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represent the theory while the dash-dotted lines are the measure-
ments.

contributions. The theoretical model yields results in
good agreement with experiment.

Appendix A: Moments of

This appendix is intended to present a recursive ex-
pression for the moments of filtered interferometric
crosstalk.

The moment of order  of the variable 7 can be found
by the following relation [13]

gk K 3
=B = R S )
Va
in which

¢
I((lnj = / edb,,t,. [c(Lnfl)dt" (2)

Jo
with the initial condition ") = e¢#7¢_ The parameters

by, and ¢ are given by (3) and (4), respectively.

b, = -1+ Z,"zll\a[ - Zlk:,H_l @ l<n<k-1
=1y Yo, @ n==k
3
and the term c is given by

7 n

- Z (7 aj. 4)

n=1 =1

€ =

M| o

with preamplifier

1e-9

without preamplfier

N ©

P.?wer Penalty [dB] for BER

-30 2 2% = -22 -20 i
Relative Crosstalk [dB]

Fx:g. 5 Measur«?d crosstalk power penalties of systems with and
without preamplification using directly and externally modulated
light sources.

In (1) by @ is denoted a set (a, a», -, ay,) of signs +1
or —1; see for details [7, 13].

Appendix B: Error probabilities

This Appendix presents the procedure to compute the
error probability for the ASK/DD system under investi-
gation. The error probability, given that a binary “one”
is transmitted is

g-{(a) = P, (Z < a),

where a denotes the decision threshold. Similarly, the
error probability, given a binary “zero” is transmitted
is

44 (a) = Po(Z > a).

Assuming that the symbols are a priori equally prob-
able, the average error probability is

Pe = 3la-(0) +gu (o] m

Analysis by Saddlepoint Approximation

The saddlepoint approximation (SPA) has been pro-
posed by Helstrom [14], as an efficient and numer-
ically simple tool for analyzing communication sys-
tems. The SPA has shown a reasonably high degree



of accuracy in the analysis of optical communication
systems, e.g, [6].

As shown in [14] the tail probability ¢, (@), and ¢_ (),
are approximately equal to

. exp[®(s0)] =

q+(“) e \/m;-)"

_ exp[®(s1)]

_(a) ~ :
1) ™ ()
2
respectively, the so-called saddlepoint approximation.
The function ®(s) is related to the MGF for Z, Mz (s)
by

nd

®(s) =1In[Mz(s)] — sa — In|s]. 3)

The parameters sq, and s, are the positive and negative
root, respectively, of the equation

P'(s) =0 @)

and 9" (sq ;) stands for the second derivative of (3) at
s = 80,1. See [14] or [9] for further details. The er-
ror probability is minimized by adjusting the detection
threshold a. The optimum value of v and the param-
eters 59, s; may be found numerically by solving an
appropriate set of equations [9].
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Interferometric Crosstalk Reduction in Optical
WDM Networks by Phase Scrambling

Idelfonso Tafur Monroy, Eduward Tangdiongga, René Jonker, and Huig de Waardt

Abstract— Interferometric crosstalk, arising from the detection of unde-
sired signals at the same nominal wavelength, may introduce large power
penalties and bit-error rate floor significantly restricting the scalability of
optical networks. In this paper, interferometric crosstalk reduction in opti-
cal WDM networks by phase scrambling is theoretically and experimentally
investigated. Enhancement of 7-dB and 5-dB tolerance toward crosstalk is
measured in a 2.5 Gbit/s transmission link of 100 km and 200 km of SSMF,
respectively. This result proves the feasibility of optical networking in the
LAN/MAN domain while tolerating the relatively high crosstalk levels of
present integrated optical switching and cross-connect technology. Exper-
iment is in good agreement with theory. Recommendations on the use of
phase scrambling to reduce crosstalk in WDM systems are given.

Keywords— Interferometric noise, optical crosstalk, phase scrambling,
optical ication length divisi Itipl networks, error
analysis.

I. INTRODUCTION

Performance imperfections of optical components (e.g.,
optical switches, (de)multiplexer and routers) are sources of
interferometric crosstalk which constitutes a major limiting
factor for the scalability of optical networks, e.g., [1-4]. WDM
systems impose strict requirements on the optical crosstalk iso-
lation within the comprising elements. For instance, crosstalk
isolation levels better than 35 dB should be used to have power
penalties smaller that 1 dB when even a moderated small
number of crosstalk interferers are present [2]. This is still
a high requirement for the performance of integrated optical
switches and cross-connects at the current state-of the-art [5].
Although improvements in device performance are foreseen,
a substantial relaxation of the crosstalk requirements from
individual components in optical networks can be achieved
by using phase scrambling. In this way, the gap between the
stringent crosstalk isolation requirements and the current, still
unsatisfactory, achievable values is closed. In this paper we
report that power penalties smaller than 1 dB for crosstalk
values up to -18 dB are measured in a 2.5 Gbit/s link of 100
km of standard single mode fiber (SSMF). Power penalties
smaller than 2 dB for crosstalk values up to -15 dB and -16
dB are measured after transmission over 100 km and 200 km
of SSM fiber. This corresponds to an enhancement of the
system tolerancc to crosstalk of 7 dB and 5.3 dB, respectively.
This result demonstrates the feasibility of optical networking
in a LAN/MAN domain with the current state-of-the-art in
integrated optical technology.

The main contribution of this paper is a complete assessment,
experimentally and theoretically, of interferometric crosstalk re-
duction by phase scrambling in WDM networks. This paper
is organized as follows. The phase scrambling principle is de-
scribed in section II. Implications for transmission over disper-
sive fibers are studied at Sect. I11. Section [V covers the perfor-

Eindhoven University of Technology, Telecommunications Technology and
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mance analysis. The experimental details are given in section V.
Experimental and theoretical results are presented and discussed
in Sect. VI. Finally, summarizing conclusions and recommen-
dations are outlined in section VII.

II. PHASE SCRAMBLING PRINCIPLE

This section presents the theoretical framework of phase
scrambling. Firstly, the receiver model under consideration is
introduced. Secondly, the model for interferometric crosstalk
is explained. The influence of filtered interferometric crosstalk
is quantified by its variance which is mainly determined by the
relation between the spectrum of the interferometric crosstalk
noise and the post-detection filter bandwidth. Thirdly, the phase
scrambling technique to reduce the influence of filtered interfer-
ometric crosstalk is introduced.

A. Receiver Model

Lets consider the case of an optical signal disturbed by a num-
ber NV of interferers operating at the same nominal wavelength.
The optical field of the information signal gs(t) and the inter-
ferers £, (t) are given by their complex amplitude vectors

E(t) = \/biPogs(t)se?®sV )

E.(t)

N
Z Eub.;,:ynPU.(/‘v,n(t‘)"—{rvn("l’%'"”) (2)

n=1

where ¢ is the crosstalk parameter: the ratio of leakage crosstalk
to signal power. The indicator by, is introduced to represent the
binary symbols: by € {0.1} (0 < p < 1) at time slot k. For
the case of perfect extinction the ratio p = 0. ¢, is the phase
of the signal and interferer, respectively. 7+, and 7", are unit
vectors representing the signal and interferer polarization state,
respectively. The optical peak power is denoted by I and ¢(t)
is the pulse shape.

We consider an ASK direct detection system whose schematic
diagram is given in Fig. 1. The photocurrent at the output of
the photodetector, I, (t), is a shot noise process which can be
written as

La(t) = RIE(t) + Ex (1), 3)
where R is the detector responsivity.

The receiver thermal noise, denoted by 7, (t), is modeled as
an additive, zero mean, white Gaussian stochastic process. It is
assumed that the optical pulses are of identical shape and con-
fined in the time interval [0, T'], i.e. no intersymbol interfer-
ence (ISI). The signal and the interferers are assumed to exhibit
matched polarizations (worst case), and perfect bit alignment.
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With the above mentioned assumptions the photocurrent can be
written as
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N
+Pog(t) Y b5 en, )
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where 7, is the interferometric delay time. The first l.erm is
the signal, the second the signal-crosstalk beating, the thll"d the
secondary crosstalk-crosstalk beating and the last term is the
crosstalk beating with itself. )

The photocurrent and thermal noise pass the pos!d.ctecum.] fil-
ter h(t) whose output is sampled to form the decision variable
Z. By comparing the sample value wit?x a preselected m}'esholfi
«,, the decision circuit provides an estimate of a transmitted bit

in a particular bit interval.

B. Interferometric Crosstalk

The interferometric crosstalk contributions to the photocur-
rent are of the type

&(t) = cos (65 (t) 6wt — Ta)]- )

The laser phase (variables ¢, (), ¢4(t) in (1)), is modeled as a
Wiener process [6]. Then the phase difference

Ad(t) = ¢s(t) = hu(t — Ta) (6)

is also a Wiener process, Gaussian distributed with zero mean
and variance given by

oky = 2nAvry = Br1g, (7)

where Av equals the 3-dB bandwidth of the Lorentzian shaped
laser power spectrum [6].

The autocorrelation function of the process & (t? is related to
the autocorrelation function of the process A¢(t) in the follow-
ing way ( [7], Sect. 8.3.2)

Re(r) = goxp (~[Rsol0) + Rao(r)]) +
Sop ([Rao(0) ~ Rao(M]) @

where Ra (1) is found to be

whv(ra=lrl) < g
Rao(r) = {U ol > 74
Substitution of (9) in (8) yields
(10)

%(,*Bl.l""[l +(>*‘—)RI,(TJ*ITI)] 7] < 74
Re(r) = {7 5,1, 7| > 74

Incoherent interferometric noise

In most of the application of interest the delay time is of a
larger magnitude than the laser coherence time (5, Td > _1).
This situation is called the incoherent interferometric noise
regime. In integrated optical cross-connects the circuit Fonﬁg-
uration can be chosen such that the amount of crosstalk is min-
imized and that the dominant crosstalk conm'bution.s are in the
incoherent regime [5]. For this case the autocorrelation is given

by

1 .—B.|r
Le=Bul7|

Re(1) = {6

Filtered interferometric crosstalk

At the output of the postdetection filter, i(t), the filtered in-
terferometric noise is denoted by

|7l < 7a a1

7l = 7a

Y(t) = &(t) * h(?), (12)
where * represents the convolution operation. '
If we consider an integrate-and-dump postdetection filter, then
the variance for filtered crosstalk is given by [8]

¢ PT 4+ BT —1

e (13)
ST Ty

In the incoherent regime the mean of filtered interferometric
crosstalk approaches the value zero. We may also consider a
wider class of postdetection filters. In that case the variance for
filtered interferometric crosstalk can be found by using the fol-
lowing relation

7 =2 [ s (14)
where H(f) is the transfer function of the postdetection filter
and S¢(f) is the interferometric crosstalk power spectrum ob-
tained by Fourier transforming (11).
For comparison reasons we introduce an effective electrical filter
bandwidth B = 1/7'. In Fig. 2 is shown the variance of filtered
interferometric crosstalk using two different filters: an integrate-
and-dump, and a full raised cosine filter. We observe that by in-
creasing the value of B, /By a significant reduction of the noise
variance is achieved. This is an important characteristic of fil-
tered interferometric crosstalk. It indicates that we can reduce
interferometric crosstalk by strong filtering or by dithering the
phase of the light source. As the postdetection filter bandwidth
is governed by the operating data rate, we propose (o exploit the
second fact to reduce the effect of interferometric crosstalk in
WDM networks. Namely, we will, intentionally, perform phase
modulation of the signals with noise: phase scrambling,

0§

045
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Postdetection Filter

~-- Integrate-and-dump

0351
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03F

(] 5 10 Bl./”/ﬂ‘s

Fig. 2. Variance of filtcred interferometric crosstalk as a function of 33 ./Bp.

C. Phase scrambling

Interferometric noise reduction by broadening the spectrum
(by e.g. phase dithering or phase noise modulation) has al-
ready being proposed [9-1 1]. However, as to our knowledge,
a complete assessment of crosstalk reduction by phase scram-
bling, including transmission, in WDM networks has not been
reported yet. This section introduces the theoretical framework
of interferometric crosstalk reduction by phase scrambling. The
schematic diagram of phase scrambling is presented in Fig. 3.
Consider that the optical si gnals are phase modulated with noise
4(t). The optical field can be, generally, written as

E(t) = Vi Py (B g)rellet i)

15)

3
_______ e — T
DFB Amplitude Phase
Laser Modulator Modulator

|

D(t) = an(t) coswl

Fig. 3. The signal is phasc modulated with noise D(i), centered at an arbitrary
frequency w .

and the interferometric crosstalk contributions to the photocur-
rent are then of the type

&(t) = cos[Ag(t) — Ay(t)], (16)
in which A¢(t) and Av)(t) are the phase difference (cf. (6)) of
the laser phase and the imposed phase modulation, respectively.
By considering A¢(¢) and Ay (¢) to be independent stochastic
processes, it can be shown that the autocorrelation function of
&(t) is given by

%uxp (—[Rar(0) + R (7)) +

%L'xp (=[Bar(0)=Rps (7)),

Re(r)
(17)

in which Ry (0)= Ray(0) +Ray(0) and Ry (1) = Ray(r)+
Ray(T). We proceed, similarly as in [9], by assuming that 1) (t)
is of the form

Y(t) = an(t) coswyt, (18)
where « is the modulation index and 1, (t) is a bandpass Gaussian
noise centered at a frequency w - The autocorrelation function
for Ay (t) is given by
%RH(T) CoswyT+ %R,, (1a) coswyry

2

Raylt) =

—71'?,2(7' — Ta) Coswy (T — 74)
2

——=Ru(1+7y) coswy(T47y),

5 (19)

where R, (t) is the autocorrelation function of the Gaussian
noise 7(t). We also define by 7, the autocorrelation time of
the noise #(t). Further, we assume that the time delay exceeds
the noise correlation time: T4 > T,. This incoherent regime, as
already mentioned above, is applicable in WDM networking. In
this case, the calculations for R, v(7) are simplified. The terms
in (19) involving 7, can be neglected and we get

2
a”

Ray(r) = ?Rn(T)(‘OSUJ!‘T. (20)
Subsequently, we arrive at
1 a2 2o :
H{(T) — 5(1—8,,|rle»?[R.l(U)—Ru(. )COS.A/,‘T]. (21)
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Fig. 4. Variance of filtered interferometric crosstalk as function of the parame-
ters 3y and a for a fixed value of wy /By = 2.

Let us analyze the dependence of the variance of crosstalk on

the parameters of the phase scrambling signal such as the cen-

tral frequency w;, modulation index « and the equivalent noise

bandwidth By of the modulating noise. The spectral shape of
n(t) is taken to be of a Lorentzian shape. It has been shown that

the shape of the power spectral density of the modulating noise
n(t) is irrelevant for the crosstalk noise reduction [9]. A plot of
the variance, given a value for wy, as a function of @ and By

is presented in Fig. 4. We observe that the variance decreases
substantially as the modulation index increases. The same ten-
dency is observed for the other studied values of w;. We also
performed similar computations as in Fig. 4 for other combina-
tions of parameters. From our study, we observe that the param-
eter of major influence is the modulation index a. Moreover, we
also observe that for relative large values of By /B the value
of the central frequency has title or insignificant influence on
the crosstalk reduction. However, the central frequency should
amount some hundreds of MHz to enhance the crosstalk reduc-
tion when fiber dispersion restricts the use of a wide bandwidth
modulating noise.

In general, we can conclude that phase scrambling with a Gaus-
sian noise source reduces effectively the variance of interfero-
metric crosstalk. The parameter of major influence on the re-
duction of crosstalk is the modulation index a. The modulating
noise source can be centered at an arbitrary frequency w; and
its equivalent noise bandwidth can be smaller than the bit rate
(see Fig. 4). This agrees well with previous results [9] and it is
confirmed in our experimental setup.

III. TRANSMISSION OVER DISPERSIVE FIBERS

In this section, the spectral broadening caused by the imposed
phase modulation is determined. Subsequently, a model for the
relative noise due to phase-to-intensity noise conversion caused
by chromatic dispersion is presented.

A. Spectrum of phase modulated signal with Gaussian noise

Determining the spectrum of a phase modulated signal
with a Gaussian noise is a topic widely studied in references
like e.g. [12,13]. It is of common practice to specialize the

analysis to certain cases. For instance, to the case of large
or small modulation index. As we already observed in the
previous section we are interested in a phase modulation with
a large modulation index to effectively reduce interferometric
crosstalk. Therefore we will consider a large index phase
modulation with a Gaussian noise. The spectrum shape of the
modulating noise is assumed to be a Lorentzian function. This
type of noise may be obtained by low bandpass filtering a white
Gaussian noise; say by an RC-circuit.

From (15) we have that the phase modulating signal is given
by

Eon(t) = 90 x ¥ = E(t) x Ey(t).  (22)

The autocorrelation function of the phase modulated signal
E,(t) is given by [13]

Rp, (t) = %7, (23)
where

k(1) = Ry(0) — Ry (1),

with R, (7) the autocorrelation function of the modulating
Gaussian noise.

The spectral density Sg, (f) of E,(t) is given by the Fourier
transform of (23). For the case of large modulation index this
spectral density can be approximated by a Lorentzian spectrum
with a 3-dB bandwidth Av; = Bya® [13]. The spectrum of
the phase scrambled signal is given by the convolution of the
spectrum due to the laser phase noise and the imposed phase
modulation:

Sont(f) = Sa(f) * Su(f)- (24)

The spectrum due to the phase noise is known to be given by
the Lorentzian shape with a 3-dB bandwidth Av [6]. The con-
volution of two Lorentzian shaped spectra is again a Lorentzian
spectrum with a 3-dB bandwidth given by the sum of their 3-dB
bandwidth. So, we have that the (normalized) spectrum of the
phase modulated signal is given by

1

o e 25)
e

Sane(f)

From this result we may conclude that the effect of phase scram-
bling on the signal spectrum is to cause spectral broadening
yielding a resultant 3-dB bandwidth

Avgar = Av + Avy, = Av + Bya®. (26)

B. Propagation in dispersive fibers

Phase scrambling, as shown in the preceding section, reduces
interferometric crosstalk, but at the same time the broadening of
the laser spectrum may have detrimental effects on the system
performance. Namely, laser phase-to-intensity noise conversion
by chromatic dispersion may lead to power penalties in optical
fiber transmission systems, e.g., [14, 15]. This section presents
the analysis of phase-to-intensity noise conversion during

transmission by determining the relative intensity noise (RIN)
at the fiber output.

l?ropagation in a fiber of length L is described by the propa-
ganon term ¢ /7" where the phase function 3 can be expanded
in a Taylor series and keeping only the first terms

Bl)=fotAlw-w) + 3w -wl, @)

with the group delay per unit length 3, and the group velocity
dispersion

By = —D)\“.
2m¢

(28)

in which X is the wavelength and ¢ the velocity of light, and D
the common dispersion parameter.

We aim to determine the variance due to RIN. The variance of
the RIN contribution to the photocurrent, after postdetection fil-
tering, can be found by

oy = /U RIN(HH(f)Pdf. 29)

wherfa RI ’V( f) is the normalized RIN power spectral density at
tpe dispersive fiber output. The transfer function the postdetec-
tion filter is denoted by H ().

C. RIN Model

) This section presents the model of the RIN for a systems us-
ing externally modulated light sources. This type of light source
exhibits a low magnitude of chirp (spectral broadening) which
means that insignificant crosstalk noise filtering will take place
at the receiver end. In this case phase scrambling will assure the
needed spectral broadening for substantial crosstalk filtering by
the electrical postdetection filter. However, spectral broadening
may introduce penalties due to dispersion. Yamamoto et al. [15]
have studied the effect of phase-to-intensity noise conversion by
chromatic dispersion in intensity modulated and direct detected
systems. The normalized RIN power spectral density at the dis-
persive fiber output is related to the laser phase noise and fiber
dispersion as follows: [15]

RIN(f) =83 Ju(a0)Jus1 (ag) sin {%(211 + Dy }]3,
n=0

(30)
where J,,(-) is the Bessel function of the first kind, and

1 [
Vo (€3))]

2 f)° 3, L. (32)

ay =

S8

o =

When phase scrambling is employed we proceed by assuming
t%lat the effect is equivalent to a laser source with a broader
linewidth, namely the resultant 3-dB bandwidth Aw,,,. This
can be deduced from the analysis in Sec. III-A. This fact has
also been pointed out in [16].

5

Systems using directly modulated lasers experience substan-
tial spectral broadening due to chirp which is intrinsic to this
type of modulation. Although this spectral broadening results in
crosstalk noise filtering at the receiver end, this filtering is not
assured for all detection situations because of the bit pattern de-
pendence of chirp. In these systems phase scrambling will also
result in crosstalk mitigation. However, the enhancement of the
tolerance to crosstalk is expected to be smaller than in the case
of systems using externally modulated lasers, for the reason of
lthe already present spectral broadening in directly modulated
asers.

IV. PERFORMANCE ANALYSIS

This section presents the performance evaluation for
ASK/DD receivers using phase scrambling to reduce interfer-
ometric crosstalk. The question is to evaluate the average error
rate I, of the system under discussion (see Fig. 1). To account
for all possible combination of beat terms between the signal
and crosstalk we proceed by assuming that p sources are si-
multaneously a binary symbol “one”, thus N — /L sources are
“zero”. The error probability analysis is then conducted by
a weighted statistical average of the error probability for each
value p. This probability is given by the binomial distribution
function. Hence, the average error probability 7>, or bit-error
rate (BER), for a given threshold ., using the Gaussian ap-
proximation and assuming that the symbols are a priori equally
probably 7, (z¢) can be written as

N

_ 1 N\ [1 Ey (1) =y, 1 . —E
Pe=— =(, <§_' ) i ( w—Eo()
& #=0 <l‘){2 g ar(pe) * QQ ao(pe) ’

(33)

where E|  is the mean value of the receiver decision variable
when a “one”, and a “zero” is transmitted, respectively. The
variance is denoted by o7 ,. The function Q(-) is the standard
Gaussian probability tail function. In the presence of interfero-
metric crosstalk and RIN due to chromatic dispersion after prop-
?gation, the variance of the receiver decision variable is approx-
imately given by

N
To1 = 2RDGBrls +24R1P, Y b5 e, Brls +
N—— e
signal shot noise =t
xtalk shot noise
N

ROP2 s, 2 4

(@R2P)* Y b3bi w0 + a2, 4+
n=1 v

therm. noise

signal — xtalk beat
N N-1

(@R2P0)* 37 3 b5 ewarc? | +

n=Il+1 1=1

xtalk — xtalk beat

N
R i + GRS 65 ..
%'—/ *,n
signal RIN n=1
xtalk RIN

(34)
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where ¢ is the electron charge, and I is the Personick param-
eter [17]. Given a number N of crosstalk sources, the error
probability is expeditiously evaluated by (33) accounting f.or
data statistics, and non-perfect extinction ratio. The analysis,
however, assumes that RIN contributions due to the beating
terms of signal and crosstalk are neglected.

Some words on the use of the Gaussian approximation. As
the signal is phase modulation with a Gaussian noise process
the RIN due to phase to intensity noise conversion after propaga-
tion can also be considered to have a Gaussian distribution. The
distribution of filtered interferometric crosstalk may differ from
Gaussian statistics, e.g., [8, 18]. However, a Gaussian approxi-
mation (using the effective variance given by (14)) works well
for crosstalk values resulting in relatively small power penalties.
Moreover, the statistics of filtered interferometric noise tends to
a Gaussian shape if the signal bandwidth exceeds the electrical
filter bandwidth (as in the case of phase scrambling) [8]. We
have adopted the Gaussian approximation for assessing the sys-
tem performance considering the above mentioned features and
also on view of its numerical simplicity.

V. EXPERIMENTAL SETUP

The experiment setup for measuring the inlerferomeu*.ic
crosstalk reduction by using phase scrambling is shovfm in
Fig. 5. The setup works as follows. A commercial available

rfcrometric noise reduction by phasc scrambling.

DFB laser with a measured linewidth of 45 MHz operating at
a wavelength 1544.5 nm is the CW source for the system. The
CW lightwave is injected to a LiNbO; external modulator which
is driven by a pseudo-random binary signal generator (PRBS)
producing an encoded repetitive sequence of non-return-to-zero
(NRZ) pulses. The sequence length is 22* — 1 and the bit-rate
is 2.5 Gbit/s. In this experiment, we have intentionally used an
external modulator because of its low-chirp characteristic. In
this way, the spectral broadening is determined mainly by the
driving current of the phase scrambler. The generated PRBS
NRZ format has a measurable 20 dB extinction ratio and the
receiver sensitivity has been measured to lie around -27 dBm.

The phase scrambler consists of a commercially available
phase modulator, which is driven electrically by a high fre-
quency modulated noise source. In Fig. 6 is shown the spectrum
of the phase modulator driving signal with a modulation index
equal to 7 and with a bandpass filtered noise source centered at
a frequency of 2.5 GHz. On the spectrum, the high frequency
sinewave signal is clearly observed as a sharp peak surrounded
by the bandpass filtered noise. The modulating noise bandwidth
is measured to be around 200 MHz and the ratio between peak
power of the sinewave and the noise amounts approximately
35 dB. The spectrum of the resulting phase scrambled (using
a driving signal whose spectrum is shown in Fig. 6) opt-ical
signal is given in Fig. 7. In comparison with the original
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Fig. 6. Spectrum of the phasc scrambling driving signal. The driving signal
consists of a sinewave centered at 2.5 GHz and a filtered noise source with
a bandwidth of 200-MHz.
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Fig. 7. Spectrum of the 2.5-Gbil/s optical signal: (a) without, (b) with the phase
scrambling.

spectrum (curve a in Fig. 7), we measured an increase in
spectral bandwidth after phase scrambling of approximately 74
picometers (curve b in Fig. 7). Moreover, the top is flattened
by the phase scrambling. We observed also that this flattening
is largely affected by the noise source parameter than by the
sinewave. Furthermore, increasing the noise level does not
show any significant change of the spectrum shape. The signal
bandwidth varies significantly if the modulation index is varied
to values up to approximately 2. This phenomenon has also
been observed early in the theory section. After the phase
scrambler, the 2.5-Gbit/s modulated signal is coupled into an
unbalanced Mach-Zehnder structure in which the signal is split
into two paths. One path is 7 km longer than the other. This
length difference largely surpass the coherence length of a

45-MHz linewidth laser. Then, the two signals are mixed to
produce interferometric beating noise at the incoherent regime.
Polarization alignment between the signal and interferer, to
create a worst-case condition, is done by adjusting the polariza-
tion controller. Two optical variable attenuators are used. One
attenuator adjusts the level of the interferometric crosstalk and
the other varies the level of received signal power.

The receiver section consists of an InGaAs PIN photodiode
module followed by a variable gain GaAs electrical amplifier
to boost received photocurrent. The electrical bandwidth
of the receiver circuit is approximately 1.85 GHz, which is
suitable to detect signals at a bit-rate of 2.5 Gbit/s without any
distortion. The system performance is evaluated by using a
BER analyzer. During the BER measurements the decision
threshold is automatically optimized, taking a value somewhere
between the level for the received binary “one” and “zero”, to
result in the lowest error probability.

The performance assessment of the system using phase
scrambling is summarized in the power penalty curves shown
in Fig. 9. The power penalties are related to a BER level of
1077, As reference we use a back-to-back measurement (no
fiber transmission between the MZ and receiver section). In
the back-to-back situation (curve a in Fig 9), crosstalk levels
less than -23 dB result in a penalty less than 1 dB. Using the
phase scrambling technique, the crosstalk level causing the same
penalty can be lowered to around -16 dB. With a transmission
span of 100 km SSMF and using an optical amplifier to com-
pensate for the fiber-induced loss, we still obtained a good per-
formance even for crosstalk levels up to -18 dB. This means a
crosstalk relaxation of 5 dB. Increasing the transmission span
to 200 km and using a second amplifier, resulted in a tolera-
ble crosstalk level of -21 dB. However, even for small values
of the crosstalk the power penalty is relatively high, approxi-
mately 0.7 dB. This is due to the dispersion as a consequence
of the spectrum broadening. We also observe that if we relate
to a power penalty level of 2 dB, crosstalk values up to -15 dB
and -16 dB are tolerable after transmission over 100 km and 200
km of SSM fiber. This corresponds to an enhancement of the
system tolerance to crosstalk of 7dB and 5.3 dB, respectively.
In conclusion, we have demonstrated in a simple experimental
setup that significant mitigation of interferometric crosstalk can
be achieved using a phase scrambling technique, even for high
levels of crosstalk. Transmission with satisfactory BER perfor-
mance in a link of 100 km and 200 km of SSM fiber has been
demonstrated. These transmission spans represent the situation
in a LAN/MAN network. The power penalty due to dispersion
was measured to be 0.4 dB and 0.7 dB for 100 km and 200 km
transmission, respectively.

VI. RESULTS AND DISCUSSIONS

Phase scrambling - no transmission

In Fig. 8 is displayed how power penalties due to interfero-
metric crosstalk are reduced by using phase scrambling. These
theoretically obtained curves for a fixed value of B ~T andw;T
assume no transmission over dispersive fibers. The dotted line
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represents the power penalties without phase scrambling. As the
modulation index increases we can observed that system toler-
ance towards interferometric crosstalk is substantially enhanced.

Phase scrambling and transmission

We examine power penalties after 100 km and 200 km
transmission over SSM fiber with D = 17 ps/umkm. Phase
scrambling is applied with a modulation index ¢ = 7. In
Fig. 10 are presented the power penalties as function of the
crosstalk parameter ¢. The modulating noise bandwidth is
By = 200 MHz. The parameters used in the theoretical
computations are in correspondence with the experimental
set-up to simulate the measurements. We observe in Fig. 10

that phase scrambling effectively enhance the tolerance towards
crosstalk. However, additional power penalties associated with
RIN due to dispersion are incurred. We can conclude that phase
scrambling mitigates crosstalk penalties at expenses of network
reach. We may compare the theoretical results shown in Fig. 10
with the measurements presented in Fig. 9. We observe good
agreement between theory and experiment. The theoretical
model predicts well the performance tendency of the system
and can therefore be used to determine the proper parameters
for phase scrambling in WDM networks.

The scalability of optical networks using phase scrambling
is strongly governed by the limitations imposed by fiber
dispersion. However, selecting appropriate parameters for
the phase scrambling dispersion penalties can be kept small
while crosstalk is still significantly filtered out at the receiver
end. Limitations caused by the spectral broadening are further
reduced in optical networks using dispersion compensating
strategies. From our study, significant enhancement of the
tolerance to crosstalk and transmission over 200 km SSMF are
proven feasible for a system operating at 2.5 Gbit/s.

Besides phase scrambling other methods of crosstalk suppres-
sion have been proposed [3, 19]. These include bit pattern mis-
alignment, error correcting codes, among others; see Table ITI
in [3]. Among these methods phase scrambling is a proven
crosstalk mitigating technique, but at expenses of network reach
due to dispersion penalties.

VII. CONCLUSIONS AND RECOMMENDATIONS

A complete assessment, theoretical and experimental, of
crosstalk reduction by phase scrambling in WDM systems
is presented. It is experimentally demonstrated that phase
scrambling substantially reduces interferometric crosstalk,
enhancing the system tolerance to crosstalk. For instance,
crosstalk values of -16 dB results in power penalty less than 2
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Fig. 9. Mecasured power penaltics. (a) Back-to-back situation, an@ wilh phasc
scrambling (b). Results with phase scrambling and transmission over (c)
100 km, and (d) 200 km of SSMF.

Fig. 10. Theoretical results for power penaltics. (a) Back-to-back silual?on, (b)
phasc scrambling and no transmission. Results with phase scrambling and
transmission over: (c) 100 km and (d) 200 km of SSM fiber.

dB after transmission over 200 km SSM fiber. Such crosstalk
values when no phase scrambling is applied would make
impossible any transmission of information. Hence, phase
scrambling has been proven to effectively mitigate crosstalk
extending the scalability properties of WDM optical networks.
It is also shown that by properly choosing the noise source for
the phase scrambling power penalties due to phase to intensity
noise conversion can be kept small. For instance, transmission
over 200 km of SSM fiber is successfully demonstrated. This
results indicates that phase scrambling make feasible WDM
networking in a LAN/MAN environment while making use of
the current integrated switching and cross-connect technology.

Phase scrambling mitigates the limitations imposed by inter-
ferometric crosstalk at expenses of network reach. Care should
be taken to assure that small power penalties due to disper-
sion are incurred. The presented theoretical model can be used
to compute the optimal parameters for phase scrambling. The
modulation index « is the parameter of major influence on the
crosstalk mitigation. A fast crosstalk reduction is observed for
values of a up to 7. Larger values of « show an slow rate of
reduction of crosstalk variance (see Fig. 4). The modulating
noise source can be centered at an arbitrary frequency w; and
its equivalent noise bandwidth can amount some hundreds of
MHz.
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ABSTRACT

The influence of in-band crosstalk on the error performance of all optical networks with different topologies is studied.
A statistical crosstalk model is used for evaluating the bit-error rate. The model accounts for optical preamplification.
We present a network topology having the best performance while using the largest transmission path.

1. INTRODUCTION

All-optical networks offering a large transport capacity, are regarded as a promising solution to the increasing
demand of bandwidth in future telecommunication systems. In these networks routing, switching and amplification
is performed in the optical domain. In Fig.1, a schematic representation of an optical multi-wavelength cross-connect
is presented.
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Figure 1. Optical Cross Connect

Suppose we consider a signal at wavelength A3 which is switched from input 1 to output 2. It is well-known that
due to an imperfect switching array, the output signal is corrupted with contamination of other input signals. This
phenomena is called crosstalk. Transparent optical networks impose strict requirements on the crosstalk performance
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of the network elements involved.!  We restrict ourselves to considering the situation that the contamination has the
same wavelength as the signal (in-band crosstalk). This type of crosstalk can not be removed by using optical filters
and it is therefore necessary to design optical networks with an optimum crosstalk performance. In this paper we focus
on crosstalk accumulation which takes place when a signal passes through different nodes in a network. An example
is given in Fig.2. Suppose we have a fixed distribution of nodes which are connected to each other by four different
configurations. It is clear that the crosstalk performance is related to the topology involved. We aim to investigate
which of the topologies has the best performance with respect to crosstalk accumulation. We approach the problem
by using numerical simulation techniques. The model accounts for data-statistics, linear random polarization and a
non-perfect extinction ratio. The receiver model also counts for optical preamplification by an erbium-doped fibre
amplifier (EDFA). The main result of the paper is that we show that introducing additional links in a network leads
to a decreased crosstalk performance. We will consider two situations. In the first case we consider ideal networks,
while in the second case we assume that link failures take place.

This paper is structured as follows: Sect. 2 introduces four different network topologies. Section 3 describes the
receiver model and explains how the performance analysis is conducted. The mathematical model which used to
compute the crosstalk is explained in Sect. 4. The simulation results are presented in Sect. 5. The paper is concluded
with a short discussion.

2. ANALYSIS

The considered networks consist of a core-network which is connected to a number of sub-networks (Fig. 2). We
assume that every node in a sub-network is connected to an access network. We search for the largest transmission
path in these networks. With this we mean that we compute the set of shortest paths between all possible pairs of
nodes in the network. From this set of shortest paths we select the path with the maximum length. From a physical
point of view this means that we have selected the largest possible connection between two nodes in the network.

The next step is to calculate the total number of crosstalk sources. We will use this number as a measure for
comparing the four studied topologies. The number of crosstalk sources is determined by counting the number of
interfering channels. In the following we assume that this number equals the number of fibers connected to the node
minus one (which represents the incoming signal).

The first network of Fig. 2 we discus in detail is Topology 1 which represents five interconnected ring networks.
This implies that every node has a connection to its left-hand-side neighbour and to the right-hand-side neighbour.
Rings are commonly used because of the possible alternative routing (self-healing) when a failure occurs. The number
of needed connections (fibres) is equal to the number of nodes. Each sub-network has only one connection to the
core-network. This can be an unwanted situation because of the absence of a backup route. From this topology, it
follows that the nodes in the core-network have two sources of crosstalk. Since it is assumed that the sub-networks
are connected to access networks, it follows that every node in the sub-network has two possible sources of crosstalk,
except the node with the connection to the core-network. The latter has three sources of crosstalk.

Topology 2 is similar to Topology 1, but in the core-network two extra links are introduced (Fig.2b). With
these extra links the core-network is fully connected. With this we mean that every node in the core-network is
interconnected to every other node. This implies that by passing the core-network only two nodes have to be visited.
On the other hand the number of crosstalk sources in each node of the core-network is increased from two to three.

We proceed by considering Topology 3. In this topology the sub-networks are interconnected to each other. This
implies that only Topology 3 has an alternative for re-routing between two sub-networks. The largest path consists
of six nodes. However there are two possible routes, one using the core-network and one using the outer-ring. The
difference between these two routes is that the route through the core has fourteen crosstalk sources, while the route
using the outer ring has nineteen sources of crosstallk.

The last network of Fig. 2 we consider is Topology 4. This network consists of a fully connected core-network and
fully connected sub-networks. The largest route in this network consists of six nodes, but the number of crosstalk
sources has increased to twenty.
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Figure 2. The topologies studied in this paper

3. RECEIVER MODEL

We consider an ASK/DD (direct detection), optically preamplified receiver whose schematic diagram is depicted in
Fig. 3. The incoming optical signal Y'(¢) (informative signal and crosstalk), after traversing one or se?eral optical
cross-connects, is amplified and subsequently filtered in order to reduce the effect of the amplified spontaneous
emission (ASE) noise X (¢). The photodetector output is passed through an integrate-and-dump filter and samp]éd
to form the decision variable Z. The decision device derives an estimate of a transmitted binary symbol by comparing
the’ value of the decision variable with a preselected detection threshold a. ‘ ‘

We are interested in evaluating the error performance of the system. To accomplish this goal we use an statistical
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Figure 3. Optical preamplitied ASK/DD receiver

method for evaluating the error-probabilities: the so called saddlepoint approximation which makes use of the
morpent generating function (mgf) for the receiver decision variable. We present here only some key results on the
performance analysis for ASK/DD systems sub ject to crosstalk. For a detailed presentati(;n we refer to.?

The mgt of the decision variable Z is given by

Mz(s) = M (s) My, (s), (1)

where.I\[,h is the mgf for a zero mean Gaussian variable with variance a;," ¢ Mu(s) = exp(so}, /2). Mgp(s) is the
mgf of the filtered shot noise (photocurrent) contribution to the decision variable Z. The shot noise is well modeled
as a (;loul.)ly stoc:hasmc Poisson process with intensity A(t). Hence, for the case of and integrator postdetection filter
My, is given by® ’

My (s) = My(e® - 1), (2)

5 4 o T . .
where A = ju A(t)dt is the Poisson parameter. The photoelectron intensity A(t), in a normalized way is given by?:

A® = 31BOP, 3



in which B(t) represents the optical field, equivalent baseband form, falling upon the photodetector. In Sect. 4 we
present an explicit expression for the mgf My (s).

3.1. Optical preamplification

Consider an optical signal Y'(¢) at the input of the EDFA preamplifier which is modeled as an optical Aﬁeld‘ampliflier
with power gain G, an additive noise source X (), representing the spontaneous emission and an op‘tlcal filter with
complex equivalent baseband impulse response r(t). The optical field at the output of the amplifier is

B(t) = VGY (t) + X (1), (4)

where X () is a white Gaussian stochastic process representing the spontaneous emission noise. The density of X (¢)
expressed in photons per second is given by*:

No = ngp(G — 1),

in which ng, represents the spontaneous emission parameter. For the further analysis, following R.efi 4., we assume
that Y'(t) is confined in the bit interval and that the impulse response r(t) is limited to the same time interval. We
can therefore expanded B(t) in a Fourier series. Subsequently, the optical field B(t) can be written as:

k=L
B(t)= Y (Vi+ Xp)em™ /T, (5)
k=—L

where 3 = 2L + 1 (the number of temporal modes ) equals the the ratio of the bandwidth By of the optical filter
and the data rate B = 1/T":
3= By/B.

The real and imaginary part of X} = Xop + jNg are Gaussian independent variables with equal variances for all
—L <k <L:Var{Xy} = Var{ X, } = NoB.

We can now express A as:

T k=L .
&= 5( 3 VG + Xul + \) (6)

k=—L

We focus now on the derivation of the mgf for Z, accounting for crosstalk and optical preanu)liﬁcati()p. Qur first step
towards the derivation of this mgf is to condition on the value of Y} and observe that A is the sum of 2‘/} independent
Gaussian variables with variance equal to No/2 of which 3 have mean V,/G. From the orthogonality of the base
functions /™ /T we have that

T k=L
/ YORrd=T 3 Vil (7)
/0 k=—L

The conditional (on Y}) mgf for Z is given by a noncentral chi-square distribution function®:

m b e (2E Es l\/ﬁnl'—’) )
Mppl8) = g m =0 1= Nys '
The second step is to average over all possibles values of Y}, from which we obtain:
= oy, (= ©)
Ms) = T payp Mo (1 - Ng.s)‘

where Ag is given by

T
n=3 [ Waror. (10

Expression (10) is (except for the amplification factor () the Poisson parameter for a receiver without optical
amplification (see Eq. 2). The mgf in Eq. 9 is the principal result of this section. As we can see from Eq. 9 it is easy
to obtain the mgf of the decision variable for a preamplified receiver once we know the respective m gf for a receiver
without any amplification; see Eq. 13. Subsequently, based on the knowledge of the mgf, the performance analysis
is carried out with the help of the saddlepoint approximation.

4. CROSSTALK MODEL

We assume that N sources of crosstalk are present and that p(u) is the probability of u crosstalk sources being
simultaneously a “digital one”. Furthermore, the average error probability P, bit-error rate (BER), given a detection
threshold a, is given by a weighted statistical average of the error probability P,.(a, 1) for each value 1

N

Pe =3 plu) Pl o). (11)

#=0
In Eq.(11) we assume that p(x) is a binomial distribution

N!

plu) = (N — p)lpt2nN-"

(12)
We proceed by making the following assumptions:

e Perfect signal and crosstalk bit-alignment.

e It is assumed that m photons per bit are received for a transmitted logical “one” while pm photons are
transmitted for a logical “zero”.

e The ratio of leakage crosstalk to signal power is denoted by e.
e We assume that each interferer has the same relative crosstalk power e.

e The crosstalk statistics is assumed to be of the arc-sine type.Y

The signal and crosstalk polarisation are linearly random with independent,uniformly distributed, orientation
angles.

The post-detection filter is of the “integrate-and-dump type”.

The detection threshold is optimized to yield the lowest error-probability.

The receiver thermal-noise is considered to be Gaussian distributed, zero-mean and with variance ol

We proceed by following Ref. 2. In this reference we have that the mgf for A ( ¢.f. Eq. 2), given a value 1, for a
transmitted logical “one” is given by

My(s) = T-Na7 k,os);ies’"[1+‘("+‘N‘““’)]I§ (sm \/E/L) I; (sm\/e—p( N - ,u)) X
I (sm pep(N — u))l{f (smep(N — ) (N —p— 1)/2) I (sm.f,u(;t - 1)/2), (13)

where Iy(z) is the modified Bessel’s function of zero order. Similar expression for the case of transmitted “zero”
is also easily obtained. The evaluation of bit-error probabilities P, is further performed according to the method
explained in Ref. 2.



In Fig.4 the bit-error rate as a function of the number of crosstalk sources for different values of € is present.e.d.

The extinction ratio is p = 8 dB while m = 325 photons/s. This corresponds to a signal power of —39.82 dBm for

; i P 1 1 + 98 3 o

a receiver with responsitivity equal to 1 A/W, operating at a wavelength of 1.55 pm, and at a lnt,-rdt.e of 2) Gb/s.

The amplifier Gain is 20 dB and the spontaneous noise parameter ng, and 3 are set to unity. The receiver resistance
load is equal to 50 (2.
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Figure 4. BER dependence on the number of crosstalk sources for values e = —32 dB (dotted line) and € = -37
dB (solid line). The extinction ratio p =8 dB. G =20dB, ng, =1,and M = 1.

5. RESULTS

As mentioned in Sect. 1, we consider two situations. Tn the first situation the case without link failures is considered.
In the second case we assume that link failures in the network are present. The place of the link failures are indicated
by the A in Fig. 2. We firstly discuss the case without link failures.

5.1. Without link failures

Table 1 presents the performance results for network operating without link failures. The first column it:l Ti.:lblt‘ 1
represents the topology as indicated in Fig.2. As discussed in Sect. 2, Topology 3 has two alternative routes, indicated
by the upper-index I and II. Column 2 gives the number of nodes in the largest route, while in column 3 the number

of crosstalk sources are presented. Finally in column 4 the corresponding BER is given for a crosstalk value € = -32
dB.
topology | nodes | sources BER

1 9 20 3.1-1077

2 8 20 3.1-1077

3 6 14 3.0-1078

3" 6 19 | 221077

4 6 20 3.1-1071

Table 1. Characteristics of the largest routes. ' route using the core-network. "' route using the new links.

It can be concluded from Table 1 that Topology 3' has the best error performance. This is related to the fact that
this topology has the lowest number of interfering crosstalk sources.

topology | nodes | sources BER
1 9 19 2.2-1071
i 10 20 |[3.1-1077
2 9 21 4.3-1077
3 6 19 2.2-1077
4 7 21 [43-1077
4 7 22 5.9-1077

Table 2. Characteristics of the largest routes. ' using the same route. "' using a new longest route. "' removed link
in the core-network. 'V removed link in a sub-net.

5.2. With link failure

In the second case we consider the situation that link failures take place. As reflected in Table 2, link failures will
affect the largest route. Similarly as in Table 1, the first column in Table 2 describes the topology discussed.

In Topology 1 the link failure will not introduce an extra node in the route, but one source of crosstalk is removed.
This situation is indicated in Table 2 by the upper-index I. Additionally, another route has become the largest path.
This “new largest path” starts in the node marked as “in” and ends in the node marked as “out II". This situation
is indicated in Table 2 by the upper-index II. Tt follows from Table 2 that this route has one additional node. The
BER-performance of both cases are presented in Table 2.

In Topology 4 there are two places where a link failure can occur without blocking the route. The situation
marked with upper-index IIT indicates a link failure in the core-network, while in situation IV the failure occurs in
a sub-network. The BER-performance of both situations are given in Table 2.

The second column of Table 2 contains the number of nodes in the largest routes. If we compare this result to
the result presented in Table 1, we can conclude that “in average” the number of nodes has increased. As a result

of this the number of crosstalk sources has also increased. This results is presented in the third column of Table 2.
Finally, in column 4 the resulting BER is given.

6. CONCLUSIONS
We can conclude that inserting just a few, wisely placed, extra connections in the ring-only network (Topology 3)
improves the operation reliability with respect to crosstalk. Introducing more links will make the route even shorter,
but more sources of crosstalk can contaminate the signal.
In general these results indicate that a balance between the number of links and the error-performance with

respect to crosstalk exists. It should be noted that it is crucial in the design of future all-optical networks to find an
optimum topology with respect to in-band crosstalk.
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How does cross-talk accumulate

WDM-networks?

H.J.S. Dorren, H. de Waardt and I. Tafur Monroy

Abstract— Accumulation of inband crosstalk in all-optical
networks is studied. By applying statistical methods, we
have investigated how inband crosstalk accumulation influ-
ences the performance of optical networks of different con-
figurations. Our study shows that there exists a delicate
dependence between network topology and robustness with
respect to accumulation of inband cross-talk. A method is
proposed to design optical networks with optical pathes sat-
isfying a certain level of inband crosstalk performance.

1. INTRODUCTION

Optical WDM-networks offer a large transport capacity
and are regarded as a promising solution to the increas-
ing demand of bandwidth in future telecommunication sys-
tems. In all optical WDM-networks, routing, switching
and amplification is performed in the optical domain. An
important component in the WDM-network is the multi-
wavelength optical cross-conmect which is schematically
presented in Figure 1. Suppose we consider a signal at
wavelength Ay which propagates from input 1 to output 2.
It is well-known that due to an imperfect switching array,
the output signal is corrupted with leakage of other input
signals. This phenomena is called cross-talk. If the contam-
ination has the same nominal wavelength as the signal, we
speak about in-band cross-talk. This type of cross-talk can
not be removed by optical filters and it is therefore neces-
ry to design optical networks with an optimum cross-talk
performance. Transparent optical networks impose strict
requirements on the cross-talk performance of the network
elements involved [1,2].

Up until now considerable effort is invested in developing
an adequate understanding of cross-talk in optical switches
(Sce ref. [2] and the references therein) as well as improving
the cross-talk performance of optical switches. Neverthe-

sé

less, the applicability of cross-connects in optical networks
depends on the cross-talk propertics of the device. Mod-
ern integrated optical switches introduce cross-talk which
is in the order of —35 dB. A signal propagating through
an optical network in general passes through more than
one switch. As a result of this the overall cross-talk on
the signal is larger than —35 dB. It is therefore important
to design the optical network in such a way that the ef-
fects of cross-talk are minimized. In this paper we deal
with the question whether we can reduce the cross-talk ac-
cumulation by using a good network design. This will be
done by selecting four network designs and investigate, by
using statistical methods, what cffects are important on
the cross-talk accumulation. The results are derived tak-

Eindhoven University of Technology, Telecommunication Technol-
ogy and Electromagnetics, P.O. Box 513, 5600 MB Eindhoven, The
Netherlands
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Figure 1. Schematic example of an optical cross-connect.

ing into account that realistic networks are always subject
to upgrades. With this we mean that we have assumed
that during the course of time more nodes are added in the
network. We ask ourselves the question whether particu-
lar network designs have a better cross-talk performance
with respect to upgrades, and which paramecters play an
important role in this.

We investigate the problem presented above by using sta-
tistical methods. This will be done on two levels. Firstly,
we describe the cross-talk in every node by a statistical
model in which is accounted for the data-statistics, lincar
random polarization and a non-perfect extinction ratio. On
the other hand we also introduce statistics to cover the
properties of the complete network lay-out. The latter has
been done to make the results obtained in this paper as in-
dependent as possible for a particular network design. We
aim to formulate general criteria that cover large generic
classes of optical networks. We will show that there is a
delicate relationship between the number of optical links
in a network and the signal quality with respect to cross-
talk. Introducing more links leads to a shorter connection,
but on the other hand the number of cross-talk sources
increases leading to a worse cross-talk prefromance.

This paper is structured as follows: In See. 2 the in-
vestigated networks are discussed as well as the numerical
scheme to obtain a Probability Density Function (PDF)
which represents the cross-talk performance of the network
design. In See.3 we discuss how the cross-talk accumulates




through optical networks, and what parameters are govern-
ing this process. The paper is concluded with a discussion.
Tochnical matters with respect to the cross-talk model are
added as a comprehensive appendix.

1I. CONCEPTS

Since realistic optical networks are continuously subject
to upgrades, it is inadequate to investigate cross-talk accu-
mulation in one particular network and extrapolate the re-
sults to arbitrary networks. We apply statistical techniques
to obtain generic results about large classes of networks. To
do this we investigate four different network designs which
are presented in Figure 2. We do not have the intention to
present an optimum network design. The networks which
arc presented in the following have to be regarded as ex-
amples to illustrate and understand the cffects which play
a role in the cross-talk performance of optical networks.
The particular networks have been chosen as presented be-
low, because in agreement with realistic networks, they in-
clude examples with rings, grids, and combinations of both.
The first network design (Network 1) is presented in Figure

<y oon

(a) Network |

(b) Network 2

(d) Network 4

(c) Network 3

Figure 2. The network configurations as investigated in this paper:
a): Network 1, consisting of an inner core which is connected
with subnetworks on every node of the core. b): Network 2,
similar as Network 1, except the nodes in the core are intercon-
nected. ¢): Network 3, similar as Network 1, except an outer
core on the sub-networks is implemented d): Network 4, similar
as Network 1, with all nodes inter-connected.

94. The network consists of interconnected ring networks.
The nodes in Figure 2 represent cross-connects of the type
as presented in Figure 1. Network 1 represents a central
core network which is connected to several regional ring-
networks. The second network design (Network 2) which
is investigated in this paper is presented in Figure 2b. Net-
work 2 only differs from Network 1 by the fact that all

the nodes in the central core-network are interconnected.
In the third network (Network 3), which is presented in
Figure 2¢, a large outer-ring is implemented to intercon-
neet the sub-networks of Network 1. Finally, in the last
network design (Network 4), which is presented in Figure
2d, all the nodes in the core-network and sub-networks are
interconnected.

If we compare for instance Network 1 and Network 3, we
can conclude that the distance between two nodes in adja-
cent subnetworks is shorter in Network 3. Throughout this
paper, we define the “distance” as the number of nodes
which are passed by an optical signal. The path-length
than cquals the number of nodes crossed by an optical sig-
nal while traveling though the network. In Network 3, the
signal can use the outer-ring, while in Network 1, the signal
has to take a path which includes more nodes through the
inner core. As a result of this one can expect that the signal
in Network 1 is subject to much more cross-talk contami-
nation than a signal in Network 3. Making the path-length
between two nodes shorter requires that the remaining opti-
cal cross-connects can handle more connections which also
introduces new sources of cross-talk. This makes clear that
there is a delicate balance between the path-length and the
number of interfering eross-talk sonrces. Before we proceed
deseribing the method which is used to compute cross-talk
accumulation in these networks, we want to remark that
in Figure 2 only only the lay-out of the network-design is
presented. For investigating the cross-talk performance, we
have developed a recipe consisting of four steps which are
described below.

Step 1: We generate for cach of the network design pre-
sented in Figure 2, 25 different samples with a size of the
inner-core between 5 and 30 nodes.  Every node is con-
nected to a ring-shaped sub-network. The number of nodes
in the subnetwork is chosen randomly with a uniform dis-
tribution, but it has a minimum of three nodes and the
maximum number of nodes equals half the number of nodes
in the core. Network 2, can be constructed form Network
1, by connecting all the nodes in the core. For Network 3,
the nodes which determine the outer ring are also chosen
randomly. These networks can be formulated as a directed
graph which is represented as a matrix. Network 4, follows

from network 2, by simply connecting all the nodes in the
sub-networks to each other.

Step 2: As a first step Floyd's path-scarch algorithm is
used to compute the shortest paths between two nodes in
the notwork [3]. With the shortest path we mean the short-
est conmection (measured in nodes) between two points
in the network. If the optical network is presented as a
graph, Floyd’s algorithm provides an efficient tool to com-
pute these paths. When the shortest paths are identified,
we can also compute the mamber of cross-talk interferers. It
follows from Figure 2 that the number of cross-talk sources
in every node equals the nunber of neighbors of every node;
i.e: it is assumed that the signal is contaminated in ev-
orv node with corruption from only the neighboring nodes.
Because of reasons of limited computation time, higher or-
der cross-talk accumulation is not taken into account. We

compute the number of cross-talk sources for all shortest
connections between all pairs of nodes in the graph.

Step 3: The procedure described in Step 1 and Step 2 is
repeated 80 times and an ensemble average is taken. An ex-
ample is given in Figure 3, where the normalized ensemble
averages for the number of cross-talk interferers is plotted
for all the network designs at a core-size of 30 nodes. Sim-
ilar histograms are generated for every core-size between
5 and 30 nodes. The normalized histogram has the inter-
pretation of a Probability Density Function (PDF) for the
number of cross-talk interferers of a particular network de-
sign. Taking ensemble averages is important to make the
results independent for particular network configurations,
and to obtain generic results.
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Tigure 3. Example of a PDF for the interfering cross-talk sources at
a core-size of 30 nodes. Tt can be shown that all the networks
have a characteristic behavior.

Step 4: By using the mathematical model presented in Ap-
pendix A, we relate the number of interferers to the Bit-
Error-Rate (BER). The method is described in more detail
in the next section, but the results are already presented in
Figure 4. This also implics that we can compute the PDF
for the BER for a certain network design. An example is
shown in Figure 4 for a core-size of 30 nodes.

The recipe desceribed above helps us to compute generic
results. The fact that we take averages over large ensembles
of networks guarantees that the results are independent for
specific realizations. Once we have determined the PDFs
for the BER, we can formulate a criterion on what con-
ditions & particular ensemble of networks can guarantee a
satisfactory QoS (Quality of Service). A criterion could be
for instance that the BER should be below a 107 level.
By repeating this procedure for an increasing nunber of
nodes in the core, one can compute how sensitive a par-
ticular network design is for cross-talk accumulation after
upgrades. In the next section, it will be shown that the
network designs which are presented in Figure 2, all have
characteristic properties with respect to cross-talk accumu-
lation, and an optimum design can be chosen.
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Pigure 4. Example of a PDF for the BER at a core-size of 30 nodes.
[t can be shown that all the networks have a characteristic be-
havior.

IT11. REsuLTS

In this scction, we present the results with respect to
cross-talk accumulation in the network designs as presented
in Figure 2, following the recipe desceribed in the previous
section.  In Figure 5. the BER is plotted as a function
of the number of interfering cross-talk sources for -33 dB,
-37 dB, -50 dB and -80 dB of cross-talk isolation. The
BER is computed by using Eq.(A-6). We have chosen the
parameters so that if no cross-talk is present a BER of
107" is obtained. It is witnessed from Figure 5 that in the
case of -80 dB cross-talk isolation, ncarly no degradation
for the BER takes pla However, in the case of -33 dB
cross-talk isolation (this corresponds to presently available
optical switches) less than 10 inte ng cross-talk sources
can be handled. This result implics that the cross-talk per
optical switch has to be improved to -50 dB or preferable
-80 dB, before this kind of switches can be used in realistic
optically transparent networks.

-14
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Figure 5. The BER as a [unction of the number ol interfering
cross-talk sources computed according Fq.(A-6) for —33dB,
37dB,—50db and —80d B cross-talk respectively.




In Figure 3, as an example, the PDF of the four network
designs is computed for a core-size of 30 nodes. The results
arc obtained after an ensemble averaging of 80 realizations,
following the recipe as presented in the previous section.
A similar behavior also takes place for different number of
nodes in the core. It can be concluded that Network 3
has the best cross-talk performance since the probability
to find paths having more that 12 cross-talk sources is neg-
ligible. Network 4 has the poorest cross-talk performance
since it has a large number of paths with more than 40
cross-talk sources (this result is not visible in Figure 3, but
is follows from the raw data and manifests itself as a large
BER in Figure 4). The performance with respect to the
number of cross-talk sources of Network 1 and Network 2
is slightly worse than the performance of Network 3. One
may conclude from the results presented in Figure 3 that
by counting the number of interfering cross-talk sources
(7.e. the number of neighboring nodes) insight can be ob-
tained about the relationship between the network lay-out
and the and the cross-talk performance. It is clearly visible
in Figure 3 that the the network designs of Figure 2 have
a characteristic cross-talk performance.

By using the results presented in Figure 5, we can also
compute the performance with respect to the BER. In Fig-
ure 4 the probability of the BER is presented for the same
network as presented in Figure 3. We have assumed that
the cross-talk is -37 dB. Due to the nonlinear relation be-
tween the number of interferers and the BER. our conclu-
sions derived from Figure 3 have to be changed. If we relate
the cross-talk performance to the decay of the BER-tail in
Figure 4, we would draw a similar conclusions as drawn in
the previous paragraph. On the other hand if we imple-
ment a criterion that only paths with a BER performance
below 107 are satisfactory, it appears that Network 1 has
the best performance. To distinguish this, we have com-
puted the surface underncath the curves:

/i fila)dx (1)

Twmin

where S; determines the surface underncath the PDF fi(x)
for network-design ¢ between the under-limit x5, and the
outer-limit 2,,,,. We can conclude that in order to es-
timate the cross-talk performance of a network, it is not
sufficient to count the number of cross-talk interferers be-
cause the latter represents a property which is not lincarly
related to the BER.

If we plot the surface S; for variable number of nodes
in the core, we obtain Figure 6. It follows clearly from
Figure 6 that cvery network design has its characteristic
propertics with respect to an increasing number of nodes.
Clearly Network 1 has the best propertics. This is related
to the fact that the number of interfering cross-talk sources
is low as well as the number of paths which crosses a large
number of nodes. The other extreme is network 4 in which
all the rings are completely connected. As a result of this
in every node a large amount of cross-talk contamination
takes place. Tt is also interesting to remark that up to 15
nodes, Network 2 and Network 3 have a comparable cross-

talk performance.
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Figure 6. The averaged BIIR as a function of the core-size.

IV. CONCLUSIONS

We have introduced a method to determine the robust-
ness of optical networks with respect to cross-talk accumu-
lation. An underlying consideration for the work conducted
in this paper is that integrated optical switches always in-
troduce a certain level of cross-talk. It is therefore nec-
essary to identify network configurations which minimize
cross-talk accumulation. We have approached the problem
sketched above by implementing statistical methods. By
taking averages over large ensembles of networks with a
similar topology, we obtain results which are generic and
representative for large classes of networks.

We can conclude that for cross-talk accumulation in op-
tical networks two “parameters” are important. The first
parameter is the number of nodes in a network. This can
be understood easily since more nodes means more sources
of cross-talk. One wants to design a network that mini-
mizes the munber of nodes to be crossed from an arbitrary
signal traveling through the network. Minimizing the num-
ber of nodes can be done by introducing more connections.
The second parameter is the number of cross-talk interfer-
crs per connection. This implies that after enlarging the
network the number of cross-talk interferers increases, and
hence a poorer cross-talk performance takes place. Tt is
therefore crucial to find the optimum number of connee-
tions per node.

The work conducted is far from complete and the net-
work topologics only form an illustration for the effect we
describe. An important issue which is not considered in
this paper, is the impact of fiber-cuts. As broken fiber im-
plies that the traffic has to be re-routed, in general more
nodes have to be crossed. In Ref. [4], it is shown that the
impact of broken fibers does not affect the results drawn in
this paper.
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APPENDIX A
Cross-talk model

This Appendix presents the cross-talk model used in
the performance analysis. The receiver considered is an
ASK/DD receiver whose schematic diagram is presented
in Figure 7.

Photodetector Sampling

Input signal 1
Photocurrent Z) ] 0

0 T

Electrical filter Decision circuit

Figure 7. Schematic diagram of an ASK/DD receiver.

The proposed cross-talk model is a balance betwoeen ac-
curacy and complexity. We want the model to be as accu-
rate as possible, but it must be not prohibitive in terms of
computing time needed to run the simulation for the set
of networks under investigation. We choose the commonly
used Gaussian approximation for the bit-crror probability
evaluation. Although cross-talk has been shown to exhibit
non-Gaussian statistics, i.c. [5], the Gaussian approxita-
tion, which is numerically simple, gives us in particular a
good indication of how cross-talk affects the system perfor-
mance if the number of cross-talk sources is large [1]. We
proceed by making the following assumptions and defini-
tions:

o Perfect signal and cross-talk bit-alignment (worse case
scenario).

o Extinction ratio is denoted by .

o It is assumed that m photons per bit are reccived for a
transmitted “onc” while pm are for a transmitted “zero”.
o The ratio of leakage cross-talk to signal power is denoted
by e.

e There are N cross-talk sources operating at the same
nominal wavelength as the informative signal.

o We assume that cach interferer has the same relative
cross-talk power e (worse case scenario).

o The cross-talk statistics is assumed to be Gaussian hay-
ing zero-mean with a normalized variance which is cqual
to 1/2.

o The signal and cross-talk polarization arce lincarly ran-
dom and its induced intensity noise is assumed to be Gaus-
sian with zero-mean and with a normalized variance which
is equal to 1/2.

o A post-detection filter which is of the “integrate-and-
dump” type.

o The detection threshold is fixed to be a midway point
between the signal level for a transmitted “zero” and “one” .
o The receiver thermal-noise is assumed to be Gaussian
distributed, zero-mean and with variance o

The photo-current at the output of the photo-detector,
shot noise, and the thermal noise current pass the clectri-
cal post-detector filter. The filtered signal Z(t) is further
sampled at t = ¢y + kT time instants to form the deci-
sion variable. The post-detector filter is assumed to be an
integrator over the time interval [0, T]. With no loss of

generality we consider the time interval [0,7] (k = 0) and
denote the decision variable by Z = Z(t = T). By com-
paring the sample value with a presclected threshold, the
decision circuit derives an estimate of a transmitted bit in
a particular bit interval.

The expression for the decision variable takes the following
form [6]:

N
Z=mby + 2v/em Z \/ 0500 T -

n=1

N N1
+ 2em Z Z bo b5 €08 (e — i j)

Jj=n+1 n=1
J'\V
+em Z by + X

n=1

n X €08 (ds — dyn)

(A-1)

where by represents the binary symbols. The variables b
and ¢, arc the phase of the signal and cross-talk respec-
tively. The unit vectors #75 and +7 represent the signal and
the cross-talk state of polarization. The thermal noise con-
tribution, Xy, is a zero mean, Gaussian distributed vari-
able with variance o7, given by

2 2]\’3Tk T

i =g (A-2)

Kp being the Boltzmann’s constant, T the temperature
in Kelvin, ¢ the clectron charge, and R is the receiver re-
sistance load.

A. Performance analysis

The question is to evaluate the average error rate P, of
the system under discussion. We are going to treat the case
of amplitude shift keying (ASK) modulation format. To ac-
count for all possible combinations of signal and cross-talk
interfering bits we proceed by assuming that g interferers
are simultancously a logical “one”, thus N — p interferers
are “zero”. The error probability analysis is conducted by
a weighted statistical average of the crror probability for
cach value p. This probability is given by the binomial
distribution:

N!

Pl e
() (N — p)lul2N

(A-3)

Hence, the average error probability P, for a given thresh-
old «, is given by

Pe = (Pelit) piyy (A-4)

Using the Gaussian approximation % |u can be written as

_i E, -« 1 a— Fy
Bi= 2Q< - >+§Q< ) (A-5)

do

where Ey; is the mean of the received signal when a ¢
single zero™, and a "single one” is sent, respectively. The
variance is denoted by o7 |, and the decision threshold by



a. The function Q(+) is the standard Gaussian probability
tail function.

With (A-3), and assuming that the symbols are a priori
cqually probable, the average BER (A-4) can be written as

[1]

(2]

_ L NN\ [L (B —a\ 1 (a-Emw\)
e e (0) (o225 - (28

1=0

(A-6)

If we consider the case for a transmitted symbol “one”
(b§ = 1), then the mean (Ey) and variance (0}) for the
decision variable Z are presented in (A-7) and (A-8).

Ei=m+em(u+ (N —pyp) (A-T)

2 21 31
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+ (2me)* l-l—l(ll"z—il) + (2711\/;,_%)2 lp,(]\/' — ) (A-8)

1 4
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4 2
where the first term in (A-8) represents the beat terms
between the signal and the g eross-talk sources which are
“once”. The factors ll arise from the variance of the po-
larization, and cross-talk, respectively. The second term
accounts for the beating terms which are “zero”.  The
next three terms represent the cross-talk-cross-talk beating
terms. Firstly, the plel) possible combinations of “one-
one” beating terms are considered.  Sccondly, there are
W=V combinations of “zero-zero” beating terms.

+E + U?h

Lastly, beating terms for “one” and “zero” are accounted
for in the fourth term. This implies that all possible cross-
talk-cross-talk combination are covered in this simple for-
mula. The variance of the shot-noise is according to the
Poisson statistics for photo-detection cqual to the mean
of the photo-current. In a similar manner one could de-
rive that under the assumption that the signal contains a

“zero” (b = 0). the mean (Ey) and variance (08) ave:
Ey=mp+en(u+ (N —p)p) (A-9)
" 21 N 21
o5 = p(2myfep)” ¥ (N = ) (2m/ep) T
a1 —1 1 =
+ (2me)” lelp—1 ) + (2me)” H(#Z b
2 (A-10)

a1
+ (2m/pe)” 3;1,(1\/' — )

+ @meg)? % (N - u)(g —fi — 1)

Given a number N of cross-talk sources, the crror prob-
ability is expeditiously evaluated by (A-6). In the com-
putations used in this paper we used an extincetion ratio
of ¢ = 8 dB while m is 1.3 - 10" photons/s for a BER of
10~ "2, This corresponds to a signal power of —24 dBm for
a receiver with responsitivity equal to 1 A/W, operating
at a wavelength of 1.55pm. The receiver resistance load is
cqual to 50€2.

+ Ep + Ufh

[4]

5]
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REFERENCES

L. Goldstein and L. Tiskildsen, Scaling limitaiions in iranspar-
ent optical nelworks due to low level cross-talk, IEEE Photon.
Technol. Lett. 1, 93-95, 1995.

. Goldstein, 1. Tiskildsen, and A. . Elrefaie Performance im-
plicalions of component cross-lalk in lransparent lightwave net-
works, TEIET Photon. Technol. Tett. 6, 657-660, 1994.

R. Gould, Graph Theory, Benjamin/Cummings, Amsterdam,
1988.

J. Siflels, I. Tafur Monroy, 1. de Waardt and 1.J.S. Dorren,
How does oplical cross-talk depend on the network topology?, In
Praceedings ol the TEER/LEOS symposium, Benelux Chapter,
1997.

A. Arie, M. Tur, and E. L. Goldstein, Probability-density func-
tion of notse al the oulpul of a lwo-beam inlerferometer, J. Opt.
Soc. Am. A, vol. 8, pp. 19361942, Dec. 1991.

I. Tafur Monroy and T. Tangdiongga, Performance evalua-
tions of oplical cross-connects by saddle-point approrimation,
J. Lightwave. Technol., 16, pp. 317-323, 1998.

Paper N 153

Paper N

Scalability of Optical Networks: Crosstalk Limitations

Idelfonso Tafur Monroy
Photonic Network Communications, Submitted for publication.



Scalability of Optical Networks: Crosstalk
Limitations

Idelfonso Tafur Monroy

Abstracl— Optical networks represents a promising solu-
tion for the future high capacity and flexible transport net-
work. This paper presents a model for the performance eval-
uation of optical networks with respect to linear crosstalk
and accumulated spontaneous emission noise.

Keywords— Communication networks, interferometric
noise, optical crosstalk, optical communication, wavelength
division multiplexing networks, error analysis.

I. INTRODUCTION

All-optical networks are regarded as a promising so-

lution for the high speed and flexible transport network
of future broad-band telecommunications services. These
networks are composed of optical nodes, mainly optical
cross-connects (OXC), in which the routing, switching and
add/drop of chanuels take place. At present, major cfforts
are directed toward the development of devices and con-
cepts for implementing such optical cross-connects [1,2].
At the main time, performance limitations due to optical
crosstalk have being identified. Crosstalk or power leakage
from undesired channels, arises from performance imperfec-
tions of devices like optical switches and (de)multiplexers.
Crosstalk has been reported to degrade the performance,
introducing large power penaltics and bit-crror rate floors,
of a varicty of optical networks, c.g., all-optical trunk net-
works and WDM system, c.g., [3-6]. Hence, it is of rele-
vance to assess the impact of crosstalk on the scalability of
all-optical networks.
This paper presents a simple model for the performance
analysis of optical networks with regard to lincar opti-
cal crosstalk and accumulated spontancous emission noise.
The proposed model is useful for evaluating the crosstalk
requirements on the devices needed to support an optical
network with a certain numbers of nodes and with a given
level of error probability. The rest of the paper is struc-
tured as follows. In Scc. I the optical cross-connect archi-
tecture is described. The crosstalk mechanism is explained.
A signal path thru the optical network is described in de-
tail. Scalability calculations and discussion are presented
in Sec. III. Conclusions are drawn in Scc. IV. Finally,
crosstalk modeling, EDFA gain model, and details of the
performance analysis computations are given in the Ap-
pendix.

II. SysTEM MODEL
A. Cross-connect architecture
Let consider a network of interconnected optical cross-

connects (see Fig. 1(a)). The functionality of the optical

Eindhoven University of Technology, Telecommunication Technol-
ogy and Electromagnetics. P. O. Box 513, 5600 MB Eindhoven, The
Netherlands.

<)

(a)
OoxC
T R
Switches
Wavelength Wavelength
Division Division
Demultiplexers -~ Multiplexers

.

input 1 —m
—y
mpmz—T(‘ ¥4
X
input L id A
o

¢ output 2
2 |

_.7.__nutpu( 3
-7

Local Area Network

(b)

ig. 1. a) Example of optical network. b) Schematic diagram of an
optical cross-connect (OXC).

cross-connect is to switch, route and add/drop channels;
sce Fig. 1(b).  The number of input fibers to a node is
denoted by Nj. Each fiber supports a numnber Ny of wave-
lengths. Morcover, it is assumed that cach node has a fiber
connection intended to add/drop channels. An example of
such a node with Ny = 3 and Ny = 4 is shown in Fig. 1(b).
We assume also that at the input of a node an optical am-
plifier compensates for the power loss, and at the output
of the node another optical amplifier boosts the signal to
the next node; see Fig. 2. In the OXC nodes under con-
sideration the optical switches are optimized for a given
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Fig. 2. Model of the optical path in a cross-connected network

wavelength.  The channel (de)multiplexing (DE)MUX is
assumed to be performed by phase arrays (PHASAR). Due
to performance imperfections of (DE)MUX and optical
switches an optical signal propagating thru the network will
experience accumnlation of undesired power leakage from
other channels. i.e e¢rosstalk. Morcover, amplified sponta-
neous emission (ASE) noise from optical amplifiers will also
be added to the signal. In a complex optical network other
cffects may take place (c.g. dispersion loss, wavelength in-
stability), but in this work we will restrict ourselves to the
case of lincar optical crosstalk an ASE accumulation.

B. Crosstalk mechanism

In an optical cross-connect we distinguish two types of
lincar crosstalk: inband crosstalk and interband crosstalk,
according to whether it has the same nominal wave-
length as the desired signal or not. The effect of inter-
band crosstalk can be reduced by concatenating narrow-
bandwidth optical filters. Inband crosstalk, however, can-
not be removed as the signal and the crosstalk operates
at the same wavelength. The detrimental effect of inband
crosstalk is further intensified in cascaded optical nodes due
to its accumulative behavior.

Inband crosstalk

Lets us consider the case of an optical informative sig-
nal disturbed by a number N of interferers operating at
the same nominal wavelength (inband crosstalk). The op-
tical ficld of the information signal Es(f) and the interferers
E_“A,.(t) is given by their complex amplitude vectors

By(t) = \JbRogs(t)ised® ! (1)
N _

E.r(f) = z \V (nb:.”[)().(l.r.n(f)ftlxn(‘ﬂ)r'"“) (2)
n=1

where ¢ is the crosstalk parameter: the ratio of leakage
crosstalk to signal power. The indicator by is introduced
to represent the binary symbols: by € {0.1} (0 < 0 < 1).

For the case of perfeet extinction the ratio p = 0. dgy i
the phase of the signal and interferer, respectively. 7 and
7, arc unit vectors representing the signal and interferer
polarization state, respectively. The optical peak power is
denoted by Py and ¢(t) is the pulse shape.

Interband crosstalk

The optical field from interfering channels at other wave-
length (interband crosstalk) is given by

M
Ee(t) =3 /by Pogen(t)Feed®V (3)

=1

where 5; is the interchannel crosstalk power. The magni-
tude of v is a function of the channel spacing, (DE)MUX
characteristics and the signal spectrum shape. In the Ap-
pendix we present a simple model for the interchanncl
crosstalk in optical nodes using PHASARs as (DE)MUXs.

C. Spontancous emission noise

Optical amplifiers are going to be used in order to com-
pensate for the power loss (cross-connect and fiber) and to
enhance the receiver sensitivity. In optical amplifiers the
ASE noise is dependent on the optical frequency, and the
incoming signal power, among other factors. We will how-
ever assume that the amplifiers have a flat gain and operate
in the lincar region. In a system where ASE noise accumu-
lates from node to node, as in our case. the total accumu-
lated ASE noise power may be sufficiently large to saturate
the amplifiers. In our study, we will required that the ac-
cumulated ASE noise power should be less that saturation
output power of the current amplifier. This condition will
restrict the maximum signal power and represents a scal-
ability limitation of optical systems incorporating optical
amplifiers [7]. The model for the EDFA gain is presented
in the Appendix. For accumnlated ASE noise we use the
simple lumped amplifier model of [8].

D. The optical path

For illustrative reasons we give an example of the opti-
cal path of a signal crossing A" nodes. Keeping in mind
the node architecture already described, the optical path
is illustrated in Fig. 2. At the input of every node the sig-
nal, Fy(t), is amplified and conscequently ASE noise X (t)
is added. Further, the signal is demultiplexed and inter-
channel crosstalk E,(t) is added. The optical switch per-
forms the routing of the signal. Due to imperfections of
the optical switch inband crosstalk E.(t) is introduced.
The optical switch is characterized by the crosstalk rela-
tive power €. Further, the multiplexer may introduce in-
terchannel crosstalk E.(t) and sccondary inband crosstalk.
At the output of the node an optical amplifier is placed to
compensate for the fiber power losses during transmission
to the next optical node. The above described optical path
for a single node is repeated in every node until the signal
reaches the destination node. At the end node the signal is
routed to the drop output after being demultiplexed. The
output optical signal E244(¢) will then be a superposition of
the input signal field, E(t), and the various optical ficlds
from crosstalk and ASE noise contributions. We have de-
veloped a statistical model to evaluate the bit-error rate
(BER) for a signal traversing K nodes in an optical net-
work as described in this section. The details of the model
and BER evaluations are presented in the Appendix.

IT1. CALCULATIONS AND DISCUSSION
A. Reference node: Ny = 4, N;=3

Consider an optical network composed of K nodes; each
node with a namber of input fibers Ny = 3 and a number
of channels per fiber Ny = 4. The EDFA at the input
of the OXC compensates totally for the node power loss
Lyode-  The fiber loss Ly is compensated by the EDFA
booster at the output of the OXC (GLo4 = 1,GLy = 1).
We assume that the EDFAs have the following parameters.
Gain G = 22.5 dBu, noise figure Np = 4.8 dB and input
saturation power of P5* = —11 dBm. A list of paramcters
of the system considered in the computations is given in
Table 1.

Description Value
Bit rate 2.5 Gb/s
Laser Linewidth 45 GHz
Extinction ratio 13 dB

Receiver load 50 Ohm
Phasar 3-dB Ap 46 GHz

Inband Crosstalk variable
Interband Crosstalk | -32 dB

EDFA gain 22.5 dB
EDFA noise figure 4.48 dB
Y -11 dBm

TABLE T
SYSTEM SPECIFICATIONS

E

-

Pav = —42.25 dBm
Y =-22dB

2 4 6 8 10 12 14
Number of nodes

Fig. 3. Bit-error rate as a function of the number of nodes for
crosstalk values € = —33, =35 dB, 5 = —22 dB. Without ASE
accumulation. The solid lines are the result when only inband
crosstalk is present. The dotted lines are the result when both
inband and interband crosstalk are taken into account.

Crosstall: only

As starting point, we consider the performance analysis
of the network wit respect to solely inband and interband
crosstalk (without EDFAs).  We assume that interband
crosstalk take place only at the last optical node and that it
is duc only to the two nearest channels. This assumptions
is based on the fact that this crosstalk contribution is dom-
inant compared to crosstalk from far separated or strong
filtered channels. In Fig. 3 is shown the BER for different
nodes as a function of inband and interband crosstalk. We
can sce that the optical switch crosstalk isolation should
be better than 35 dB if ten nodes are to be traversed with
a BER lower than 1072,

Accumnulated ASE

When EDFA arc used, ASE noise and crosstalk accu-
mulates as signals propagate along the optical network.
Hence the input power to the EDFA may reach the sat-
uration power level. We imposed the condition that the
input power to EDFA is less than the P20 We compute

imn
the P, under the following assumptions:

o all channels on the fiber has traversed K nodes in the
network.

o the OXCs are full loaded. This means that cach chan-
nel has accumulated the maximum number of crosstalk
sources and ASE noisc.

o EDFA saturates at average input power levels.

This calculation gives us an indication of how many OXCs
can be reached without saturating the EDFAs.

In Fig. 4 is displayed the 2, as function of the number
of concatenated OXC for a given value of the interband
crosstalk and inband crosstalk. Two different values of the
3-dB bandwidth AAp of the optical (DE)MUX are con-
sidered. We can sce that narrow optical filters reduce the
cffect of accumulated ASE. However, in practical systems
the bandwidth can not be chosen arbitrarily narrow as ISI
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Fig. 4. Input power to the EDFA at different optical nodes for two
different values ol the 3-dB bandwidth Ap of the (DF)MUX

can be incurred or high requirement on wavelength stabil-
ity arc then imposed. From Fig. 4 we can sce that ten
nodes can be passed before the EDFA is saturated, given
that (DE)MUXs of a 3-dB bandwidth AAp = 46 GHz are
used. In optical networks it is expected that optical gain
management is going to be used. For example, in every
node a gain equalization block may be used.

Node scalability

In Fig. 5 is shown the BER as a function of the number
of traversed nodes when EDFAs are used. A fixed value of
crosstalk power and signal power is used in the computa-
tions. We can sce that taking into account accumulation
of ASE noise the BER degrades more rapidly than without
ASE accumulation. This indicates that more signal power
is required to maintain a signal-to-noise ration of enough
value to assure a certain level of bit-crror rate. This topic
is further investigated in Fig. 6 in which it is displayed the
required received signal power to assure a BER of 107
as a function of the numbers of nodes. Two values of the
crosstalk parameter € are considered (-33, -37 dB). We can
also sce that with ASE accumulation the requirements on
the optical switch crosstalk isolation become more strin-
gent.  However, we sce that ten nodes can be traversed
with a BER of 107 when € = —37 dB. We note also that
saturation of the EDFA is not reached accordingly to our
gain model; see Fig. 4.

B. Scalobility with respect to Ny and Ny

Until now we conducted scalability calculations for the
reference node (Ny = 4,N; = 3). We analyze now the
situation when Ny or/and Ny is increased. Let consider a
situation with Ny = 4 and different number of input fibers
Ny. This means that more sources of inband crosstalk are
present at each node. In Fig. 7 is shown the required re-
ceived power for a BER of 1072 as a function of the number
of nodes for two values of inband crosstalk (e = —33, =37
dB). We can observe that as the number of input fibers
increases the required power also increases. At some value
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The solid line is the result, without, ASTS accumulation while the
dotted line is the result when EDIFAs are used.
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Tig. 6. Required signal power to assure a BIR of 1079 as a function
of the number of traversed optical nodes.

of inband crosstalk and after traversing a certain number
of nodes a BER floor will finally take place. In Fig. 7(a) we
may observe that a BER floor is reached after four nodes for
inband crosstalk e = —33 and Ny = 16. If inband crosstalk
is reduced to -37 dB, then nine nodes can be traversed be-
fore a BER floor is reached. If we consider scalability with
respect to the number of channels per fiber, then the first
limitation encountered is the increase of accumulated ASE
and input power than may saturates the EDF! If we
restrict ourselves to an operating situation of unsaturated
EDFAs, scalability with respect to Ny is quite limited. In
Fig. 8 is displayed the amount of P, as a function of the
number of nodes with Ny as parameter. Considering our
example ( P3¢ = —11 dBm) we have that four nodes can
be trave

sed when Ny = 6 while only two nodes can be
reached for the case of Ny = 8. Unsaturated operation of
EDFAs is a very strict condition. Optical amplifiers can
operate with certain degree of saturation and still yield a
satisfactory signal-to-noise ratio [8]. To conduct more ac-
curate scalability analysis of optical nodes with EDFA the

40 s " "
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(a) e=—33dB

L L L L L T
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(b) e = —37 dB

Fig. 7. Scalability with respect to Ny.a) e==33dB.b): e=-37
dB.

gain model should account for gain saturation. However,
the present model clearly indicates the scalability limita-
tions imposed by crosstalk and accumulated ASE noise.

IV. ConcLusions

As optical cross-connects are cascaded the requirements
on optical switch crosstalk isolation become more strin-
gent. For the reference node is found that inband crosstalk
should be lower than -37 dB in order to reach ten nodes. If
more input fibers are added to the optical node less opti-
cal nodes can be reached unless the crosstalk parameter is
improved. For instance, keeping Ny = 4 and N =16, the
number of nodes that can be cascaded before a BER floor
at 1079 takes place is four for e = —33. This mumber can be
can be increased to ten if the crosstalk value is improved to
€ =—37 dB (see Fig. 7). We also have found that the use
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Fig. 8. Input power P, Lo the EDFA as [unction of the number of
nodes with Ny as a parameter.

of EDFAs made the requircments on the crosstalk isolation
even more stringent.  Morcover, more power per channel
is required to maintain a satisfactory signal-to-noise ratio.
This is a consequence of the accumulation of ASE noise in
a cascade of optical amplifiers. If we consider unsaturated
EDFA operation, then a small namber of nodes can be cas-
caded. For example, with Ny = 8 around three nodes can
be cascaded. Saturation of EDFAs will also limit the scal-
ability of optical nodes. After traversing a certain number
optical nodes the required signal power per channel may
exceed the available transmitter power.

We can conclude that with crosstalk levels lower than -37
dB a cascade of ten reference nodes (N = 4, Ny = 3) oper-
ating at a BER better than 107 is feasible. This also will
apply for a network with a shortest largest optical path of
ten (reference) nodes [9]. We also see that scalability with
respect to the namber of channels per fiber (NVy) is strongly
limited by the increase of accumulated ASE noise and sat-
uration gain characteristics of the optical amplifiers.

This paper has studied the scalability of optical networks
with respect to crosstalk. A statistical model, which in-
cludes optical crosstalk, ASE noise and data statistics, has
been presented for the performance analysis of ASK sys-
tems. Although accumulation of ASE noise is taken into
account, we consider only unsaturated EDFA operation.
This condition is rather restrictive as EDFAs can operate
under certain gain saturation and still provide a satisfac
tory signal-to-noise ratio. A more accurate scalability anal-
ysis shonld include a EDFA gain saturation model. How-
cver, the present analysis giv
SC

s correct indications on the
ability of optical networks with respect to lincar opti-
cal crosstalk. The present model can be used to evaluate
the crosstalk requirements on the optical devices so that
a given level of bit-crror rate is assured in an all-optical
network.

APPENDIX

This appendix is intended to present the model for in-
band and interband crosstalk. The EDFA gain model and



the model for the performance evaluation are also given.

A. Interband Crosstalk

We presenct a model for determining the amount of in-
terchannel crosstalk power. Consider a channel at a wave-
length A, We follow [1()] and considered a neighbor chan-
nel k at a wavelength A + A\, where AX is the channel
spacing. We denote by I the optical power falling upon a
photodetector due to channel 1, an by Py the power from
the neighbor interfering channel.  These magnitudes are
given by

B = /":s,(A)Dz<A>(1A )
j [ Se(\)Dy(A)dA (5)

where Sg(X) is the power spectral density of the signal in
channel 1 and k, respectively. The function D(A) vepresents
the demultiplexer power transfer function.  The relative
interband crosstalk power is then given by

Dy
v = 10log % (6)

In order to compute v we have to specify the of spectrum
shape of the light source, and the spectral transfer function
D(X), and M(X) for the (DE)MUXs. We assume that the
(DE)MUX are implemented by PHASARs. For a PHASAR
designed to pass a channel at wavelength Ay, and with a 3-
dB spectral bandwidth Ap, the power transfer function can
be approximated by [11]

T(A) = exp[—(A = A)*/a?], (7)

where a = 0.6Ap.

For a CW operating laser its spectrum is found to have a
Lorentzian shape type with a 3-dB bandwidth Avy. For a
digital modulated signal the spectrum is given by a con-
volution of the original CW spectrum with the spectral
characteristic of the pulse shape and the data statistics.
Roughly approximated. the bandwidth of the modulated
laser is at least Av = Ay + B, with the date rate denoted
by B. In this work we don’t carry out detailed computa-
tions for the spectrum of the modulated laser but consider
two situations: a) a Lorentzian and b) a Gaussian shaped
spectrum with a 3-dB bandwidth Av. We are interested
in computing the amount of interchanncl crosstalk in an
optical node as described in See. 11 The expression for the
interband crosstalk is given by

2 S M) Dy (V)

T2 Sk MUN) Dy (A)dA ’ ®

w = 10log

For a Gaussian shaped spectrum a closed form expression
for ~; is casily found:

(L+p%)

L AAR 9
1+2p° ' ©)

7= —12.06

Lorentzian

Fig. 9. Tnterchannel crosstalk as a function of the normalized channel
spacing A and the parameter p

where AA = AN/ Ap is the normalized channel separation
and p = Av/Ap {10]. Assuming a Lorentzian spectrum,

BA) = T (10)
the interband crosstalk is the given by

re+ax°
merfe(r)er”

A KS g 196 cxp et i BRGS0
remdA*/036 [ exp (@ +VEAAZ/0.6) 4.

= 10log (11)

where r = v/2p/0.6.

The relations (9) and (11) give ns the amount of interband

crosstalk from a next neighbor channel as a function of the
normalized channel separation AA and the ration between
channel bandwidth and (DE)MUX 3-dB bandwidth p. Ex-
pression (11) is casily evaluated by numerical methods like
Gaussian quadrature rule integration.
In Fig. 9 is shown the relative interband crosstalk as a func-
tion of AA and p for a Lorentzian and a Gaussian spectrum.
We can consider (9) and (11) as a lower and upper bound
on the value of interchannel crosstalk, respectively. The
Lorentzian spectrum has a slowly decreasing tail and it
is expected to give an overestimate result for interchannel
crosstalk. The Gaussian spectrum is the resultant spec-
trum if the optical pulse has a Gaussian shape and the laser
source exhibits no phase noise or chirp. In practical sys-
tems other effects like wavelength stability may influence
the amount of interband crosstalk. Ultimately, measure-
ments can be conducted to establish more accurate values
for v in a given system. In Table II are presented the
computed values of v for some parameters AX and Ap as-
suming a system operating at 2.5 Gbits/s.

If a mumber n of (DE)MUXs (PHASARs) are concate-
nated, then the resultant power spectral transfer function
has also a Gaussian shape with a narrower 3-dB bandwidth
given by A = Ap/y/n. In this way we can also use expres-
sions (9) and (11) in the case of cascaded optical nodes.
In the analysis presented here we assume that interchannel
crosstalk take place in latest optical node. This is due to

[ANGHz [ Ap [Av [, dB (1) [ % (2)
100 56 | 2.54 | -33.94 -38.38
100 46 | 2.54 | -45.68 -56.82
75 56 | 2.54 | -20.63 -21.59
75 46 | 2.54 | -28.35 -31.97

TABLE T1

INTHRCHANNEL CROSSTALK 7. 1) LORENTZIAN SIGNAL SPECTRUM. 2)
(GAUSSIAN SIGNAL SPECTRUM.

the fact that this contribution appears to be the dominant
one.

B. Inband crosstalk

The inband crosstalk contributions to the filtered pho-
tocurrent are of the type [12]

1 T
b= [ oslbO-dut-malt.  (12)
0

given an integrate-and-dump postdetection filter. The bit
duration time is denoted by 7" and 74 is the interferometric
delay time. The laser phase is modeled as Wiener process
(variables @, (), ¢s(t) in (1), and (2)) [13]. In most of the
application of interest the delay time is of a larger magni-
tude than the coherence time (By, 7y >> 1). This situation
is called the incoherent interferometric noise regime.  In
integrated optical cross-connects the circuit configuration
can be chosen such that the amount of crosstalk is min-
imized and that the dominant crosstalk contributions arce
in the incoherent regime [2]. In the incoherent regime the
mean of filtered inband crosstalk approaches the value zero
and the variance is given by [12]

, e BT B T_1
Of = — (13)
(BLT)?

in which By, = 2rAwy, where Ay is the 3-dB bandwidth
of the Lorentzian shaped laser power spectrum.
C. EDFA gain model

In an optical network a signal traverses more than one
(DE)MUX which represent filtering for the ASE noise. We
denote by Hpaon(f) the equivalent transmission function for
the optical path. This transmission curve is determined by
the transmission function of the (DE)MUX of the num-
ber of traversed optical nodes. ASE noise is modeled as
a Gaussian stochastic variable with a spectral noise power
density given by

‘N;;l.ls'lﬁ = ]v.-'\SE(f)IHpalh(f)I.l(]f (14)

where Nsg(f) is the ASE noise power spectral density at
the output of the optical amplifier, which is given by

Nase(f) =nsg(G - DA, (15)
in which £ is the Planck’s constant, ), is the spontaneous
emission cocfficient, and G the amplifier gain. We assume

that the amplificr gain is constant for input power values
below the saturation level Pget.

-1

D. Receiver model

We consider an ASK (NRZ) direct detection system
whose schematic diagram is given in Fig. 10. The pho-
tocurrent at the output of the photodetector, I, (t), is a
shot noise process which can be written as

Ish(t) = PU!/(t)b(s]+
N

2Pog ()Y /BB €n €08 [ (8) = b (= Ta,n)] +

n=1

N N-1
2Pg(t) Y 3T /b5 b5 ener

n=l41 =1
Cos [(/).I'.I] (t —Td, ) ~ ¢.r,1(t = T(l.l)] i
N M
Pog(t) Y b5 en + Pog(t) 305" v + Lasexs +
n=1 =1
Tasexy + LasExe + TasExASE- (16)

The first term is the signal, the second the signal-crosstalk
beating, the third the sccondary crosstalk-crosstalk beat-
ing, is the inband crosstalk, the fifth term is the interband
crosstalk, and the last terms are the contribution from the
ASE ficlds.

The derivation of (16) includes the following assumptions:

o the optical pulses are of identical shape and confined
in the time interval [0, 77, .. no intersymbol inter-
ference (ISI) is assumed.

o The signal and the interferer are assumed to exhibit
matched polarizations (worst case), and perfect bit
alignment.

The photocurrent and thermal noise pass the postdetection
filter A(t) and further the filtered signal is sampled to form
the decision variable. By comparing the sample value with
a presclected threshold ay,., the decision circuit provides an
estimate of a transmitted bit in a particular bit interval.

E. Performance analysis

The question is to evaluate the average error rate P, of
the system under discussion (see Fig. 10). To account for
all possible combination of beat terms between the infor-
mative signal and crosstalk we proceed by assuming that
J sources are simultancously a binary symbol “one”, thus
N — p sources are “zero”. Similarly, all possible outcomes
of the interchannel crosstalk [ are considered. The error
probability analysis is then conducted by a weighted sta-
tistical average of the error probability for each value p
and . This probability is given by the binomial distribu-
tion function.
Hence, the average ervor probability P, for a given thresh-
old «y,, using the Gaussian approximation and assuming
that the symbols are a priori equally probably P.(u) can
be written as

N M
1 1 N MY (1 Ei(p,l)—ayy
B = e > 7o) el i3
2N oM (,u) = ( l ){‘ZQ( oy (g, 1) 4

=0 1=0

1 v —Eo(p,l) -
5(2( ay(p, 1) >} 7
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Fig. 10. Schematic diagram of an ASK/DD receiver. At the receiver input [7;, (1) represents the received optical optical signal.

where ) o is the mean value of the receiver decision vari- - (3]
able when a “one”, and a “zero” is transmitted, respee-
tively. The variance is denoted by o? . The function Q()
is the standard Gaussian probability tail function. The [4]
variance of the receiver decision variable is approximately
given by 5]

o, = 2qRPBrI+2qRP Y by "enBrils +
R
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where ¢ is the electron charge, and I is the Personick pa-
rameter [14]. The magnitude 0% ¢p accounts for the vari-
ances due to all ASE, signal and crosstalk beat contribu- [13]
tions. The expressions for 0% g are taken from [7]. Given
anumber N of inband and M interband crosstalk sources, ‘
the error probability is expeditiously evaluated by (17) ac-
counting for data statistics, and non-perfect extinction ra-
tio. Some words on the use of the Gaussian approxima-
tion. The distribution of filtered interferometric crosstalk
may differ from Gaussian statistics, e.g., [12,15]. However,
a Ganssian approximation (using the effective variance; see
(13)) works well for crosstalk values resulting in relatively
low power penaltics. We have adopted the Gaussian ap-
proximation for assessing the system performance consid-
ering the above mentioned features and also on view of its
numerical simplicity.
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Chapter 7

Conclusion, Recommendations, and
Further Work

7.1 Conclusions

Chapter 4: Phase noise analysis

Phase noise from signal oscillators impair the performance of a wide class of communica-
tions system. Optical communication systems where signals are derived from a laser light
source are no exception. Chapter 4 presented a study of phase noise in optical systems.
Firstly, we presented a direct analysis of phase noise in heterodyne optical systems (see pa-
per A). Secondly, a recursive formula for the moments of filtered phase noise was derived
(see paper B ).

Chapter 5: Optical preamplified receivers

The analysis of optically preamplified receivers with Fabry-Perot optical filters was pre-
sented in detail. A closed form expression for the MGF of the receiver decision variable,
implicitly incorporating a Fabry-Perot filter, was derived (see paper C).

A modified integrating postdetection filter and equalization was found to improve the per-
formance and allow the use of narrower optical filters. This is of relevance in dense wave-
length division multiplexing (DWDM) systems with closely spaced channels. A simple and
accurate analytical approach to the analysis of optically preamplified receivers was intro-
duced. It allows us to determined the optimum 3-dB bandwidth for arbitrary optical filters
and arbitrary postdetection filters resulting in the best balance between ASE noise rejection
and ISI (see paper D).

Several preamplified On-Off keying (OOK) receiver configurations, including different
types of optical filters, were also studied. This problem constitutes the classic commu-
nication situation of determining the statistics for the filtered output of squared envelope
detectors with colored Gaussian noise input. Closed form expressions for the MGF of the
receiver decision variable were derived. These expressions are believed to be new. The
derived MGFs were then applied to the problem of finding the quantum limit for OOK,
optically preamplified receivers (see paper E). We also discussed the question of what the
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ultimate quantum limit is for OOK, when using optically preamplified receivers. A receiver
configuration resulting in a very low quantum limit was presented (see paper F and com-
ments in Sec. 5.3).

In conclusion, the analysis of optically preamplified receivers is a complex task. This is due
to the nonlinear character of photodetection. An important parameter for the design of an
optically preamplified receiver is an optimum 3-dB bandwidth of the optical filter resulting
in the best balance between ASE noise rejection and ISI. A simple analytical approach was
presented for the analysis of preamplified receivers incorporating an arbitrary optical filter
and an arbitrary electrical postdetection filtering.

Chapter 6: Crosstalk in optical networks

Interferometric crosstalk is a serious limiting factor for the scalability of all-optical net-
works. Interferometric crosstalk translates into intensity noise at the receiver end. For a
proper performance analysis of a communication system an accurate description of noise
is required. A detailed statistical description of filtered crosstalk was presented in paper L.
An important contribution is the implicit incorporation in the statistics of the relation be-
tween the 3-dB bandwidth of the optical signal and the 3-dB bandwidth of the postdetection
filter. This finding allowed us to explain, from the statistical analysis point of view, the ex-
perimental observation that systems using directly modulated lasers are less vulnerable to
crosstalk than those using externally modulated light sources. The reason is the inherent
spectral broadening in directly modulated laser diodes due to chirp. Experiments and com-
puter simulations demonstrated the validity of the theory.

In the computational aspect of the performance analysis, an accurate and numerically simple
method was introduced by making use of the saddlepoint approximation. The saddlepoint
approximation is based on the moment generating function (MGF) for the receiver decision
variable. The advantage of this method becomes more noticeable in the presence of mul-
tiple sources of crosstalk. The complexity of the method does not depend on the number
of crosstalk interferers compared to other methods where this is the case; e.g. numerical
convolutions of probability density functions (see papers G and H).

Scalability of optical networks with respect to crosstalk and its dependence on the net-
work topology were studied. The result is that there is a delicate relationship between
the crosstalk performance of an optical network and its topology. This means that during
upgrades or (re)designs of an optical network special attention should be paid to this rela-
tionship (see papers L and M).

If optical amplifiers are used in the network for optical loss compensation, the require-
ments on crosstalk isolation become more severe. Moreover, a strategy of gain management
should be employed to avoid detrimental effects from gain saturation and unequal amplifi-
cation of channels (see papers J and N).

Phase scrambling as a technique to reduce crosstalk in WDM optical networks was theo-
retically investigated and experimentally assessed. The trial systems operated at 2.5 Gbit/s.

7.2 Recommendations 165

It was demonstrated that significant crosstalk reduction can be achieved. Enhancement of
approximately 8 dB tolerance towards crosstalk was observed. Phase scrambling results
in spectral broadening of the optical signal. As a consequence, power penalties are in-
curred due to dispersion during transmission over SSMF. However, by properly selecting
the parameters for phase scrambling, transmission length of 100-200 km are viable. This
indicates that phase scrambling permits WDM optical networking in a LAN/MAN envi-
ronment while making use of the current integrated WDM technology. Phase scrambling
substantially relaxes the crosstalk requirement for optical components (see paper K).

In conclusion, if the comprising components in an optical network suffer from crosstalk
leakage, serious performance degradation will arise due to interferometric crosstalk. Ac-
cumulation of crosstalk in optical networks is strongly related to the network topology and
number of fiber connections per optical node. Interferometric crosstalk can be electrically
filtered if the laser bandwidth exceeds the receiver electrical postdetection filter bandwidih.
Based on this fact, an efficient technique for crosstalk reduction is phase modulation of op-
tical signals with noise: phase scrambling. A series of recommendations on the use of this
technique are given in the following section.

7.2 Recommendations

This section gives a series of recommendation concerning the operating regime of the fol-
lowing optical communication systems: (a) Systems disturbed by inband crosstalk and (b)
systems using phase scrambling to reduce the effect of inband crosstalk. (c) Optically
preamplified receivers. The most relevant aspects are highlighted below.

Inband crosstalk

e Optimization of the receiver detection threshold results in an improved performance
of systems disturbed by inband crosstalk (Appendix A).

e Power penalties due to inband crosstalk are less pronounced if the system has a laser
with a large extinction ratio (Appendix A).

e Systems using directly modulated (semiconductor) light sources result in smaller
power penalties than those using externally modulated sources. The reason is that
in directly modulated diode sources the inherent amount of chirp broadens the spec-
trum, allowing filtering of crosstalk noise power at the receiver end. However, chirp
in DFB lasers is deterministic and bit-sequence dependent so that no crosstalk reduc-
tion will take place in this particular case. When using externally modulated light
sources no crosstalk filtering will arise (paper I), as crosstalk noise will fall within
the receiver bandwidth.

e Optical preamplification in the presence of interferometric crosstalk does not enhance
the receiver tolerance toward power penalties. Moreover, additional power penalties
(added to the ones due to crosstalk) arise from beat term between ASE and crosstalk
(see paper J).
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Scalability

e In the presence of one crosstalk source, a crosstalk level better than -24 dB. (-20 dB)
results in power penalties smaller than 1 dB. This concerns a system operating at 2.5
Gbit/s, and using a directly (externally) modulated light source. As the number of
crosstalk sources increases, the requirement on crosstalk source isolation becomes
more stringent. So, for three interferers the crosstalk level should be less than -30 dB
to yield power penalties smaller than 1 dB (see papers G, H, and I).

e In the presence of ASE noise and inband crosstalk, additional power penalties due
ASE-crosstalk beats are incurred. The penalty level depends on the ASE noise level
from the amplifier, laser extinction ratio, and crosstalk level. For example, in a syster.n
operating a 2.5 Gbit/s (using both directly and externally modulated light sources) }t
is found that at a level of 1 dB inband crosstalk penalty the additional penalty is
about 0.5 dB. However, if we would like to perform below the 1 dB power penalty,
the crosstalk isolation should be improved by =~ 1.5 dB and =~ 1 dB for a system
with a directly modulated light source and a for system using an external modulator,
respectively (see paper J). These conclusions are drawn for the case of one crosstalk
source being present. As the number of interferers increases, the requirement on
crosstalk isolation becomes more severe (see paper N).

e Accumulation of inband crosstalk is closely related to the network topology. There-
fore, while upgrading or designing optical networks special attention should be paid
to the relationship between network topology, connectivity (number of nodes and
connections), and crosstalk accumulation (see papers L. and M).

Phase scrambling (paper K)

e Phase scrambling significantly reduces crosstalk power penalties due to inband cross-
talk. It was found, theoretically and experimentally, that at a level of 1 dB power
penalty, an increase in tolerance toward crosstalk of around 6 dB can be achieve?d.
This conclusion is applicable for a single crosstalk source case and no fiber transmis-
sion.

e The main parameter for phase scrambling is the modulation index of the m9du1at-
ing noise. Higher values of the modulation index assure better reduction of inband
crosstalk. The correlation characteristics of the modulating noise are irrelevant for the
crosstalk reduction effectiveness. In the case of a system operating at 2.5 Gbit/s, the
3-dB bandwidth of the noise can be of a moderate magnitude at the range of hundreds
of MHz, and the center frequency can be arbitrarily chosen to have a value of some
hundreds of MHz.

e Proper selection of the phase scrambling parameters can allow transmission .OVf.:r
some 100-150 Km of SSMF at a bitrate of 2.5 Gbit/s. Crosstalk reduction still is
effective (some 8 dB of tolerance enhancement) and the penalties due to dispersion
can be kept low. The reach of a network using phase scrambling is limited by disper-
sion due to the intentionally introduced spectral broadening.
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Optically preamplified direct detection receivers

e Forareceiver using a Fabry-Perot optical filter and a postdetection filter of the integrate-
and-dump type, the optimum optical filter 3-dB bandwidth B and bit-time T product
is found to be BT = 7.5 (see papers C and D).

¢ A modified postdetection integration time [eT', T} yields a better performance. A suit-
able value for ¢ is found to be € = 0.4/ BT, which should be used with an optical filter
with a 3-dB bandwidth so that BT = 3.7. This combination results in an improved
receiver performance (see paper E).

e Further performance improvement can be achieved by using postdetection equaliza-
tion (see paper E).

7.3 Further work

In this section the author would like to identify some areas for further work.
Naturally, the success of all-optical networking depends on the availability, high perfor-

mance, reliability, and low cost of the constituent optical components. This is an area full
of challenges for further rescarch.

With regard to the scalability of optical networks, further research should be directed to-
wards the interplay between network topology, access/multiplexing methods, connectivity,
and crosstalk performance. It is also of importance to expand the theoretical models used
in this thesis to cover more aspects of optical signal transmission and networking. These
include nonlinear transmission, optical amplifier gain management, wavelength conversion,
and other issues. In this way, the performance limitations, scalability and benefits of optical
networks can be more accurately assessed and understood. It is expected that optical net-
works will support higher and higher transmission capacities, and that more complex optical
elements (cross-connects, receivers, transmitters, etc.) are going to be used. A large amount
of traffic is going to be transported, which will mean significant costs for the operators. In
view of this, network optimization, monitoring, restoration, and network management is
expected to be an area for intensive further research.

Ongoing attempts are being made to exploit the bandwidth of the optical fiber as an infor-
mation transmission medium in a more effective way. As a consequence, channel spacing
in WDM is reduced, optical filters, and wavelength selective elements are introduced, etc.,
in order to get more use out of the fiber bandwidth. Efficient strategies to reach this goal
may be found by conducting research in the area of optical communication theory. This
includes the study of novel modulation schemes (power efficient schemes), pulse shapes,
and codes, among other aspects, that may improve the quality of information transmission
over the optical fiber while making efficient use of its bandwidth. Topics covering optical
filtering (dispersion effects, phase distortion, and intersymbol interference) are also of rel-
evance. Effective and simple techniques for clock-recovery are also of crucial importance
for the implementation of all-optical networks.



Appendix A

Characteristics of Interferometric
Crosstalk

Parameters like polarization statistics, laser extinction ratio, and receiver detection threshold
are determining factors regarding how the performance of a system is influenced by inter-
ferometric crosstalk. This Appendix shows how the performance of an ASK/DD receiver,
disturbed by interferometric crosstalk, is affected by the abovementioned parameters. The
analysis presented here concerns a single crosstalk interferer.

A.1 Polarization statistics

It is common practice to consider a so-called worst-case detection situation for the perfor-
mance analysis of a communication system. This gives insights into how a system should
be design to fulfill a particular performance requirement even in the worst-case scenario.
In our situation, the worst-case means that the signal and the crosstalk interferer exhibit
matched state of polarization. However, it is important to obtain a more detailed descrip-
tion of how the performance is affected by a polarization misalignment that is different from
the worst-case. To study this issue a special case is going to be considered: the signal and
crosstalk are assumed to exhibit a linear polarization with random, independent orientation
angles 6, and 6, respectively. Consequently, the parameter 7,7, in expression 6.1 takes the
form ((0;,0,) = |cos (05 — 6,)| where §; — 6, is assumed to be a random variable, uni-
formly distributed in [0, 27]. The probability density function of ¢ is given by the doubled,
nonnegative part of an arcsine distribution [86].

P Ox¢=1
f(¢)=qVI=¢ (A.1)

0 elsewhere

A mathematical model was developed to compute the error probabilities for systems dis-
turbed by interferometric crosstalk. Here we present the results yielded by the model while
the details can be found in the papers G and H. The power penalties, with respect to a bit-
error rate level of 1079, for different values of the crosstalk parameter ¢ (relative crosstalk
to signal power) are shown in Fig. A.1. We observe in Fig. A.1 that there is no substan-
tial difference in performance between the worst-case and the linear polarization situation.
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Figure A.1: Power penalties due to crosstalk. A comparison between the worst-case and a
random linear polarization alignment of the signal and crosstalk.

This applies for any arbitrary value of the crosstalk parameter. This result indicates that op-
tical networks should be designed taking into account a worst-case polarization alignment
between the signal and crosstalk.

A.2 Detection threshold

The setting of the receiver detection threshold influences the system performance. It is com-
mon practice to use a detection threshold set to be a midway point between the “zero” and
“one” received level. This is not an optimum detection threshold, in the sense of yielding
the lowest bit-error probability. The optimum detection threshold can be found numerically
by applying a minimization procedure on the bit-error rate (see papers G and H). Figure A.2
shows that at the level of 1 dB power penalty there is a difference in performance between
the optimum and fixed midway detection threshold setting of 4 dB. In conclusion, an op-
timized detection threshold is desirable in systems disturbed by interferometric crosstalk.
An optimized detection threshold provides an enhancement of more than 4 dB tolerance to
crosstalk.
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Figure A.2: Power penalties due to crosstalk. This figure shows the effect of an optimized

detection threshold on the receiver performance. The power penalties are related to a bit-
error rate level of 107,

A.3 Non-perfect extinction ratio

By laser extinction ratio (ER) is meant the relation p = %‘; between the light source power
level Py when a “zero” is transmitted and the level P, for a transmitted “one”. When the
laser extinction ratio is perfect (p = 0), only the binary symbols “one” contribute to the
signal-crosstalk beat term of the receiver photocurrent. In the case of non-perfect extinction
ratio, both the binary “one” and “zero” transmitted symbols contribute to crosstalk interfer-
ence. Thus, we have four possible beat terms {b* b} for a signal binary symbol b° and a
crosstalk interferer symbol 5%,

The power penalties shown in Fig. A.3 are calculated for the perfect and non-perfect (p =
0, 0.17) extinction ratio. We observe that the difference in performance is insignificant for
small values of the component crosstalk parameter €, while for high crosstalk values there
is a relevant difference in the incurred power penalties.

An optimized detection threshold results in a better performance. For example, there is a
difference in tolerance to crosstalk of 4.5 dB between the perfect extinction ratio p =20
and the case of p = 0.17 (7.7 dB). This observation concerns a midway detection threshold
setting. For the case of an optimized detection threshold the difference in power penalties
is 1.2 dB. We can conclude that the better the extinction ratio the larger the tolerance for
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Figure A.3: This figure shows the effect of non-perfect extinction ratio on the power penal-
ties due to crosstalk. Perfect extinction ratio p = 0: marker o; extinction ratio p = 0.17:
marker V. The open and filled markers represent optimum and fixed threshold detection,
respectively.

crosstalk. We can also conclude that detection threshold optimization is important to incur
smaller power penalties due to crosstalk. The analysis presented here concerns the case of
a single crosstalk interferer. How to conduct the analysis for the case of multiple crosstalk
interferers is explained in papers G and H.
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Stellingen behorende bij het proefschrift

Performance Evaluation of Optical
Communication Networks

door Idelfonso Tafur Monroy
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10.

i

. The beliefs that shape our historical foresight represent ... our Erwartungshorizonten,

or “horizons of expectation”.
(Stephen Toulmin, Cosmopolis: the hidden agenda of modernity, The University of
Chicago Press, 1990)

. Assessment of optical crosstalk in optical systems is most accurately achieved by

analyzing the resulting filtered photocurrent at the receiver end.
(This thesis, paper I)

. Although optical preamplification enhances the receiver sensitivity, it does not mit-

igate crosstalk and moreover it introduces additional power penalties due to the oc-
curence of beats between crosstalk and spontaneous emission noise.
(This thesis, paper J)

. The performance of optical networks with respect to crosstalk is topology dependent.

(This thesis, paper M)

. Phase scrambling mitigates interferometric crosstalk at the expense of network reach.

(This thesis, paper K)

Det tunga i livet:
vilja men inte kunna.
Det onda i livet:
kunna men inte vilja.

(Gunnel Vallquist, Steg pd vigen, Libris, Orebro, 1995)

. Using maximum entropy in crosstalk analysis has been a rather distracting task. It is

supposed that the more the crosstalk the higher the entropy, but the whole point here
was to eliminate crosstalk!

. The performance of optical receivers can still be improved by using electrical postde-

tection signal processing.
(This thesis, paper D)

. It should be possible to achieve more power and/or bandwidth efficient transmission

over the optical channel by using novel modulation techniques.

Writing these “stellingen” I discovered that my thesis was mostly about combining
the best of my Latin culture with the Dutch culture: crosstalk and performance.

!Viva la paz, pero con los 0jos abiertos!
(Gabriel Garcia Méarquez)
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