
 

Crosstalk mitigation techniques in multi-wavelength networks
comprising photonic integrated circuits
Citation for published version (APA):
Tangdiongga, E. (2001). Crosstalk mitigation techniques in multi-wavelength networks comprising photonic
integrated circuits. [Phd Thesis 1 (Research TU/e / Graduation TU/e), Electrical Engineering]. Technische
Universiteit Eindhoven. https://doi.org/10.6100/IR545302

DOI:
10.6100/IR545302

Document status and date:
Published: 01/01/2001

Document Version:
Publisher’s PDF, also known as Version of Record (includes final page, issue and volume numbers)

Please check the document version of this publication:

• A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:
openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 24. May. 2023

https://doi.org/10.6100/IR545302
https://doi.org/10.6100/IR545302
https://research.tue.nl/en/publications/15baed67-552d-4f23-9a42-e26fe26bab8f


Crosstalk Mitigation Techniques in
Multi-Wavelength Networks Comprising Photonic

Integrated Circuits





Crosstalk Mitigation Techniques in
Multi-Wavelength Networks Comprising Photonic

Integrated Circuits

PROEFSCHRIFT

ter verkrijging van de graad van doctor aan de
Technische Universiteit Eindhoven, op gezag van de

Rector Magni�cus, prof.dr. M. Rem, voor een
commissie aangewezen door het College voor
Promoties in het openbaar te verdedigen
op maandag 18 juni 2001 om 16.00 uur

door

Eduward Tangdiongga

geboren te Makassar, Indonesi�e



Dit proefschrift is goedgekeurd door de promotoren:

prof.ir. G.D. Khoe
en
prof.dr. A.G. Tijhuis

Copromotor:
dr.ir. H. de Waardt

The work described in this thesis was performed in the Faculty of Electrical Engi-
neering of the Eindhoven University of Technology and was �nancially supported
by the European Commission through the ACTS project AC-065 BLISS and AC-
332 APEX.

CIP-DATA LIBRARY TECHNISCHE UNIVERSITEIT EINDHOVEN

Tangdiongga, Eduward

Crosstalk mitigation techniques in multi-wavelength networks comprising photonic
integrated circuits / by Eduward Tangdiongga. - Eindhoven : Technische Univer-
siteit Eindhoven, 2001.
Proefschrift. - ISBN 90-386-1850-6
NUGI 832
Trefw.: optische telecommunicatie / optische interferentie / optische signaalver-
werking / optische ge��ntegreerde schakelingen.
Subject headings: wavelength division multiplexing / optical crosstalk / inte-
grated optoelectronics / interference suppression.

Copyright c© 2001 by Eduward Tangdiongga
All rights reserved. No part of this publication may be reproduced, stored in a re-
trieval system, or transmitted in any form or by any means without the prior writ-
ten consent of the author.

Typeset using LATEX, printed in The Netherlands



Summary

Wavelength-division multiplexing (WDM) o�ers a key solution to satisfy the ever-
increasing demand for data transmission capacity in optical networks. The enor-
mous bandwidth of an optical �ber is exploited eÆciently by means of multiple
wavelengths. Higher aggregate transmission capacity can be achieved by increas-
ing the number of wavelength channels and/or by increasing the bitrate of each
wavelength channel.

WDM, apart from increasing the transmission capacity, can also be used to
provide an optical network with a higher degree of reliability and exibility: optical
signals are routed and switched in an optical node based on their wavelengths.
These wavelength routing and switching capabilities play an important role in the
realization of advanced optical nodes for future WDM networks.

For the realization of such advanced nodes the use of photonic integrated cir-
cuits (PICs) is essential. The importance of PICs becomes more signi�cant as
optical functions to be performed in optical nodes become increasingly more com-
plex. As a consequence, bulk optical components are becoming less attractive in
view of the numbers, volumes and costs. PICs can ful�ll these complex functions
in a more eÆcient way by integrating a number of optical components on a single
chip, thereby reducing volumes and circumventing the use of expensive and fragile
�ber interconnections.

Severe demands on the performance of optical nodes are imposed to guarantee
a speci�ed network performance. One of the most important demands is the lowest
possible optical crosstalk levels. At present, integrated optical nodes su�er from
relatively high crosstalk �gures that impede their applications in WDM networks.
The subject of this thesis is the development of a technique for mitigating optical
crosstalk in order to bridge the gap between system requirements on crosstalk and
the maximum achievable performance of PIC-based optical nodes.

When selection and switching of WDM channels in an optical node are not
properly carried out, optical crosstalk will arise and disturb the data channels.
Classi�cations of crosstalk are highlighted in this thesis. A numerically simple
and accurate method, saddlepoint approximation, is proposed to compute the
error probabilities and penalties caused by crosstalk. For low-level penalties (≤ 1
dB) and moderate numbers of crosstalk sources (≤ 8), it is shown that the crosstalk
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level in optical networks should be kept under −35 dB.
In this thesis we propose the use of phase scrambling to considerably limit

the damaging e�ect of crosstalk in the PIC-based optical nodes. We assess this
technique in an integrated four channel WDM optical cross-connect of which the
performance su�ers from crosstalk levels of around −15 dB. In the absence of
phase scrambling, data transmission with unacceptably high penalties is obtained
at 2.5-Gbit/s bitrate. The results of data transmission using a proper scrambling
format show a remarkable improvement in system performance to a penalty of less
than 1 dB. The scrambling format consists of baseband noise of a few hundreds
of MHz superimposed on a sinus signal with a nominal phase modulation index of
� radians and a frequency which is comparable to the bitrate. This small penalty
indicates that phase scrambling can ensure the application of integrated cross-
connects in WDM networks. As a result of spectral broadening in WDM signals,
dispersion penalty limits the transmission distance of phase-scrambled optical sig-
nals. With the correct choice of scrambling parameters, transmission spans, which
are typically encountered in metro and local area networks, are possible.

One important example of PICs, a WDM receiver chip that integrates optical
channel separation and detection functions, has been realized. The chip, which is
designed and fabricated on InP substrate at the Delft University of Technology,
consists of a phased array and p-i-n detectors. The photocurrent of detectors is
ampli�ed by commercial electrical ampli�ers. Packaging and characterization of
the integrated receiver show the usefulness and limitations in a fully operational
WDM test-bed. The optical loss from the input �ber to the detectors is 8 dB. The
system performance of such a device is strongly inuenced by electrical crosstalk
among the optical front-ends. We obtain receiver sensitivities of −25.5 dBm for a
bit error rate of 10−9. For multi-channel operation, the sensitivity decreases to−24
dBm which is adequate for many system applications. This receiver performance
demonstrates the feasibility of PIC-based multi-wavelength receivers in advanced
WDM networks.

It is obvious that the quality of WDM channels in the network has to be con-
tinuously monitored. We demonstrate a novel monitoring technique for assessing
system performance of individual WDM channels. The technique is based on an
intelligent combination of optical and electrical signal processing. The electrical
signal processing is performed using a symmetric adaptive decorrelation algorithm.
Experiments using four-channel WDM signals show an excellent reconstruction of
all channels. The sensitivity in the monitoring scheme is −22 dBm with a penalty
of about 2 dB. By using a proper combination of optical pre-detection and elec-
trical post-detection ampli�cation, the monitoring sensitivity can be improved to
−28 dBm per channel. This technique is easily upgradable with respect to the
number of channels and the channel rate because of the adaptive properties of
the proposed signal processor. This technique demonstrates that a reliable and
exible approach to channel monitoring is possible.
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Chapter 1

General Introduction

An optical �ber provides low-loss transmission over a frequency range of about
25 terahertz, which is orders of magnitude more than the bandwidth available in
copper cables or any other transmission medium. This property allows signals to be
transmitted over long distances at high speed before they need to be regenerated. It is
due to this property that optical �ber communication systems are widely used today.
We present an introduction to the concept of Wavelength-Division Multiplexing
(WDM) that enables optimal exploitation of the available bandwidth and o�ers
exible routing and switching features. Issues related to the performance analysis
and the performance monitoring of cross-connected WDM networks are discussed
in this chapter.

1.1 Introduction

Telecommunication is currently undergoing a large-scale transformation [1{10].
With remarkable technological achievements and increasing globalization the mar-
ket for telecommunication grows at an incredible pace. Globalization is forcing gov-
ernments to initiate reforms in order to enhance the eÆciency of telecommunication
service providers [2, 3]. We now are witnessing that the telecommunication market
is being transformed from a monopolistic market to a more global and competitive
market. As a result of the new (de)regulation, the telecommunication market has
already started to diverge into separate but specialized applications, varying from
long-distance network to service-oriented applications. Network providers sell ca-
pacity on their networks to service providers, who in turn improve the service
o�erings, which entice more subscribers to use the network.

New network operators also play an important role in this rapidly globalized
market. We have seen that railway, power, and cable television companies o�er
their �ber-optic or copper-cable infrastructure for telecommunication services. A
successful network operator will be one who is able to accommodate various kinds
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of service providers with di�erent requirements in network topology, transmission
format, and service protocols. In view of this trend in the telecommunication
market, where competition in quality and price is the driving force, there will be
an increasing demand for high-quality and exible telecommunication networks.

1.2 Fiber-Optic Communication

In the last thirty years, every house in the industrialized world was connected to
a telephone network. First, it was only used for person-to-person communication
over a distance. But lately, the network is also used for more advanced means of
communication, such as multimedia services, video broadcasting, electronic bank-
ing, and other Internet services. This new digitalization of services will rapidly
enlarge the communication traÆc, which in turn will demand a network that can
accommodate the entire traÆc in a cost-e�ective manner.

To cope with the increasing traÆc demands especially in the backbone network,
copper-based networks have been replaced with optical �ber-based networks and
new techniques are developed to utilize the vast bandwidth o�ered by optical
�ber. Presently, optical networks are already being deployed not only in the core
networks, but also in regional, metropolitan, and even in access networks. In
the near future, optical networking may play a key role at the customer premises
[4, 5, 11]. However, the high digging cost for laying optical �bers in the ground on
one hand and the fact that there is no immediate need for large bandwidth capacity
on the other hand are prohibitive for telecommunication companies to introduce
optical networking in residential areas. Instead, the existing telecommunication
infrastructure is upgraded with new digital techniques to meet the current demand
for bandwidth.

Single-mode �bers deployed in the public telecommunication infrastructures to-
day can potentially accommodate multi-Tbit/s traÆc. Such enormous bandwidth
is far from being fully utilized by the telecommunication system commercially
available today. There are basically two methods of increasing the transmission
capacity on an existing �ber, as shown schematically in Figure 1.1. The �rst
method is to use more bits per second. Many lower-speed data streams are multi-
plexed into a higher-speed stream at the transmission bitrate by means of electrical
time-division multiplexing (ETDM). At present, the highest transmission rate in
commercial systems is around 10 Gbit/s and there has been an ongoing research
to develop 40-Gbit/s ETDM systems. It is expected that the 40-Gbit/s ETDM
systems will be commercially available in 2002. To push time-division multiplexing
(TDM) technology beyond these rates, an advanced method has been developed to
perform the multiplexing/demultiplexing functions entirely in the optical domain.
This method is called optical time-division multiplexing (OTDM). Laboratory ex-
periments have already demonstrated the (de)multiplexing in the time domain of
40 10-Gbit/s streams (from)into a 400 Gbit/s stream [12]. However, commercial
implementation of fully OTDM systems is still several years away.
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Figure 1.1: Multiplexing techniques for increasing the transmission capacity in
an optical �ber: (a) electrical or optical time-division multiplexing
technique, and (b) wavelength-division multiplexing technique. The
aggregate transmission capacity is M ×N ×B bit/s whereM is the
number of wavelength channels, N the time multiplexing rate, and
B bit/s the channel rate.

The second method is to deploy the wavelength-division multiplexing (WDM)
technology. With WDM technology, it is possible to transmit di�erent wavelengths
or colors of light over the same �ber. This provides another dimension to increase
the aggregate capacity and to divide the transmission capacity into smaller pieces
of bandwidth. This advance is akin to a self-expanding highway where we light
another channel when the traÆc load increases, without laying new �bers. WDM
transmission systems employing up to 40 wavelengths at 10 Gbit/s each over a
single �ber are commercially available today, and some companies are starting
to explore the commercial possibilities of introducing WDM systems with fewer
wavelengths at 40 Gbit/s. In research laboratories, various WDM experiments
for pushing further the limit of the �ber capacity are still going on, leading to a
competition in breaking the transmission record of several Tbit/s. As an example
of WDM achievements, Fukuchi et al. have successfully demonstrated a record
transmission capacity of 10.92 Tbit/s (273 channels × 40 Gbit/s) over 117-km
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dispersion managed �bers and each 40-Gbit/s signal is derived from ETDM signals
[13].

WDM and ETDM/OTDM technologies are complementary methods in enlarg-
ing the transmission capacity. WDM provides a way to enlarge the capacity by
multiple channels, each assigned to a di�erent wavelength, and TDM by increas-
ing the bitrate on each channel either electrically as in ETDM or optically as in
OTDM. Using a hybrid WDM and ETDM/OTDM system experiment, Kawanishi
et al. have shown that a 3-Tbit/s transmission capacity over 40-km dispersion
shifted �ber can be achieved [14]. This capacity was realized by multiplexing 19
WDM channels of 160-Gbit/s OTDM signals. Each 160-Gbit/s OTDM signal is
optically multiplexed in the time domain from 16 ETDM signals of 10 Gbit/s. It is
expected that commercially available hybrid WDM/OTDM/ETDM transmission
systems can o�er multi-terabit/s of capacity in a single optical �ber within a few
years.

1.3 Con�gurable Optical Networks

In addition to bandwidth increase, wavelength can also be used to perform func-
tions as protection against link failures and recon�guration to provide an optical
network with a higher-degree of reliability and exibility. Those functions become
an important consideration for the realization of an all-optical transparent network
layer in the telecommunication networks [1, 6, 8]. All optical transparent means
that each signal processing in the network is performed entirely in the optical
domain using bitrate and format transparent optical nodes.

With the current situation of rapid traÆc growth and traÆc changes, the trans-
mission bottleneck is transferred from the �ber itself to the network nodes. It is
necessary that the nodes are able to cope with the fast traÆc changes, especially
when one or more links need more bandwidth. Optical functions, such as adding
and dropping one or more wavelength channels and cross-connecting the optical
links, are desirable in the all-optical network nodes [6{8]. These functions are
schematically depicted in Figure 1.2. Each network user is attached to an optical
ring network by an optical add/drop multiplexer (OADM) node that terminates
one or more wavelength channels destined for that node. At the same time the
OADM node adds new data on those wavelength channels, while it simply passes
on the other wavelength channels. In that way, various users can communicate
with each other over the ring, using a di�erent wavelength per connection. The
ring itself is linked to another ring through an optical cross-connect (OXC) node.
In an OXC node communication between the ring networks can be set up either
using speci�ed wavelengths or using wavelengths that are shared with one or more
ring-like sub-networks.

In the network nodes the optical signals are processed (re-ampli�ed, re-shaped,
and re-timed), (de)multiplexed, and switched between other channels before they
are further routed along the network. The existing WDM network nodes of to-
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Figure 1.2: Optical add/drop multiplexers (OADMs) and cross-connects
(OXCs) as network nodes providing exibility and reliability in the
entire optical networks.

day still perform those functions in the electrical domain, requiring conversion
from optical to electrical, and vice versa. With the increase of transmission rates,
the nodes installed today are more likely going to become electronic bottlenecks.
To overcome these bottlenecks, optical nodes with fast optical switching form a
promising alternative to electrical ones [7]. This alternative will enable telecom-
munication networks to support high bitrates and di�erent signal formats with a
high degree of reliability and exibility in the information transportation, which
is entirely performed in the optical domain.

1.4 Photonic Integrated Circuits

An all-optical node consists of many high-quality and often expensive optical de-
vices, such as optical couplers, isolators, (de)multiplexers, and switches. In some
applications, the inclusion of active devices such as lasers, optical ampli�ers, re-
generators, wavelength converters, and optical receivers is necessary for optical
signal processing in the node [9, 15{19]. Such an optical node can be realized with
the aid of hybrid technology. By using this technology, bulk optical devices are
separately fabricated and are connected with each other by means of optical �bers.
Examples of hybrid optical nodes are the optical nodes presented in [20] that are
built with commercially available optical devices.

Generally, optical nodes realized with hybrid solutions are large in size and
are costly since each device in the nodes is separately manufactured. Although
device performance, reliability, and maturity of the hybrid approach are excellent,
the hybrid approach makes it diÆcult to realize an optical node with an increas-
ing number of optical functions in a cost-e�ective way. More optical functions,
causing higher complexity, will inevitably lead to higher price, larger size, and less
robustness due to a large number of �ber pigtails, connectors, and splices.
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Another approach to realize an optical node is to combine as many optical
functions as possible into a small photonic integrated circuit [21, 22]. This mono-
lithical approach, which is similar to the e�ort in the microelectronics to put a
huge amount of transistors in an electronic integrated circuit, has several advan-
tages over the hybrid approach. An integrated optical node becomes an excellent
alternative if the complexity of an optical node increases. One can assemble a
number of the optical devices on a small and robust photonic chip to perform
the same number of WDM functions as those for the bulk optical devices. As an
example, optical ampli�cation, optical demultiplexing, and optical detection can
be integrated to form a multi-wavelength receiver. Moreover, a drastic reduction
in fabrication cost can be achieved by photonic integration since we can omit as
many (intermediate) �ber connections as possible.

At present, a disadvantage of an integrated optical node is the relatively higher
crosstalk �gures than the crosstalk �gures of a hybrid optical node. This disad-
vantageous property may cause serious system impairments in cross-connected
WDM networks. Several methods are developed to mitigate the e�ect of optical
crosstalk on system performance of a WDM network. One of those methods, i.e.
phase scrambling, forms one of the main subjects of this thesis.

1.5 Network Management and Control

In addition to the issue of capacity enhancement, network management and con-
trol also become critical issues to assure quality of services and system reliability
in high-capacity optical networks [1, 6{8]. Capacity-enhancing technology in the
optical domain, such as WDM and OTDM, can satisfy the demand for more trans-
mission bandwidth in an optical �ber. A network operator will adopt these inter-
esting techniques if these techniques are proven to be manageable in an e�ective
manner. The cost of managing a large and complex high-capacity optical network
in many cases dominates the costs of the equipment constituting the network.

There are several functions necessary to be performed in the context of net-
work management. Among them are con�guration management (setting up and
taking down connections), performance management (monitoring and managing
various performance parameters), fault management (detecting network failures
and restoring traÆc), security management (protecting data from being tapped by
unauthorized entities), and accounting management (being responsible for billing
and developing lifetime histories of network components) [23]. Speci�cally, the
performance management is an important aspect to be considered in this thesis
because it relates to the physical impairments of the �ber networks such as noise
and crosstalk. A reliable performance monitoring enables network operators to
provide a speci�ed quality of service to the users of their network.

Network control functions are practically intertwined with the above described
network management functions. In most cases, network control is time-sensitive,
meaning that a control signal, once released by network management for the pur-
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pose of a given function, performs a set of very fast actions. Performance manage-
ment, failure protection, network restoration, setting-up/taking-down connections
are among the functions to be performed by a network control. Because the fast
reaction is needed, network control is decentralized instead of being centralized as
the case of network management.

Performance management usually requires monitoring of the performance pa-
rameters for all connections supported in the network and any actions taken as
necessary to ensure that the desired performance goals are accomplished. The
complexity of performance monitoring is very much dependent on the kind of
parameters to be monitored. For speci�c high-quality services, information re-
garding bit error rates or eye patterns may be absolutely necessary instead of just
the presence of wavelength carriers, power levels, and signal-to-noise ratios.

1.6 WDM Experiment Trials

WDM experiments worldwide, see e.g. [10, 24, 25], are aimed at the further explo-
ration of the capability o�ered by WDM technology concerning transmission and
switching/routing functions. The quality of these WDM functions depends very
much on the performance of each WDM device. Imperfection in the performance
of the optical devices will lead to degradation in the signal quality. Therefore,
optical networks impose stringent requirements on the devices used, in particular
the requirement on optical crosstalk.

Currently, optical networks are made using the voluminous and often expensive
bulk optical devices. For more complex and large networks, the integrated devices
which can provide WDM functions in a compact and a cost-e�ective way, are
a promising solution. However, these devices usually su�er from relatively high
crosstalk �gures and high losses. The research presented in this thesis is part of
the ACTS1 framework under project APEX2.

The APEX project was aimed at bridging the gap between system requirements
on crosstalk performance and the maximum achievable performance of monolith-
ically integrated devices. To achieve this goal, the project addressed research on
improvement of the integrated devices and on techniques for crosstalk mitigation
in an experimental cross-connect test-bed, that supports a variety of bitrates and
modulation formats. The APEX test-bed is schematically shown in Figure 1.3.

The test-bed consists of various integrated WDM devices, such as a four-
channel multi-wavelength laser, two four-channel multi-wavelength receivers, an

1ACTS stands for Advanced Communications Technologies and Services. It is a framework
for collaborative research and development in the area of telecommunication at the European
level [24].

2APEX is the short word for Advanced Photonic Experimental X-connects. It combines
the research and development work in the system and the device level for optical routing and
switching networks. The APEX project, funded by the European Commission, is initiated by the
Eindhoven University of Technology, Delft University of Technology, University of Gent, Siemens,
JDS-Uniphase, BBV Software BV, and Gayton Photonics Ltd.



8 General Introduction

Four
Channel

DFB
Lasers

2.5 Gbit/s

1

3

5

7

∆Φ∆Φ∆Φ∆Φ

Phase
Scrambler

Tunable
Laser

622 Mbit/s or
2.5 Gbit/s
Modulator

Optical
Band-pass

Filter

Four
Channel
MWL

622 Mbit/s

2
4
6
8

∆Φ

∆Φ i1 o1

i2 o2

Optical
Amplifier

Eight Channel
Optical

Cross-Connect

Channel Frequency Wavelength 2.5 622

1
2
3
4
5
6
7
8

192.1
192.3
192.5
192.7
192.9
193.1
193.3
193.5

1560.606
1558.983
1557.364
1555.747
1554.134
1552.525
1550.918
1549.315

x

x

x

x

x

x

x

x

E
ig

ht
C

ha
nn

el
M

ul
tip

le
xe

r

E
ig

ht
C

ha
nn

el
D

em
ul

tip
le

xe
r

2.5 Gbit/s
Receiver

2.5 Gbit/s
Receiver

1

3

5

7

Four
Channel
MWR

622 Mbit/s

2
4
6
8

2.5 Gbit/s
Receiver

2.5 Gbit/s
Receiver

THz nmNumber Gbit/s Mbit/s

Four
Channel
MWR

622 Mbit/s

2
4
6
8

Figure 1.3: Test-bed of the ACTS project APEX. DFB: distributed feedback,
MWL: multi-wavelength laser, MWR: multi-wavelength receiver.

eight-wavelength four-port optical cross-connect, and two eight-channel (de)multi-
plexers. The channel separation is 1.6 nm or 200 GHz in the 1.5-�m transmission
window. Moreover, the test-bed is equipped with a novel crosstalk-mitigating
transmission method, i.e. phase scrambling, to increase the crosstalk tolerance of
the various integrated devices. The feasibility of phase scrambling for reducing
the destructive e�ect of crosstalk and the development and the performance as-
sessment of the advanced integrated WDM devices were the major tasks that were
performed in this research project. Furthermore, to monitor the signal perfor-
mance in the test-bed, a kind of monitoring scheme is implemented that is able to
provide information concerning the actual test-bed performance such as bit error
rate values.

1.7 Scope of the Thesis

It is clear that WDM technology is rapidly penetrating the telecommunication
market and it is already an established technology for high-capacity optical trans-
mission systems. The next foreseeable application for this technology will be the
use of WDM for routing and switching in bitrate and transmission format trans-
parent networks.

In many of the current optical node designs in literature, see e.g. [25{27], WDM
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signals of nominally the same wavelength are going to be routed in a single switch
matrix, where partial failure of the switch can generate interferometric e�ects of
optical crosstalk that corrupts a desired signal, thus a�ecting system performance
of optical nodes. Optical crosstalk is found to be critical for all-optical routing
and switching networks [1, 7, 25{27].

Despite various transmission impairments such as crosstalk and noise, a certain
degree of reliability of the data stream can be assured. The reliability is determined
by its error probability or by the so-called bit error rate, which indicates the rate
of incorrectly detected bits. It is the purpose of this work to develop a relatively
simple technique by which optical crosstalk in WDM networks can be reduced
substantially, thereby increasing the network's tolerance towards crosstalk. Four
main subjects are discussed in this thesis.

First, this thesis presents the analysis of optical crosstalk in WDM routing and
switching nodes. Crosstalk issues in WDM networks employing optical ampli�ers
are also analyzed. Optical ampli�ers are commonly used in the network to enhance
the receiver sensitivity or to compensate for power losses in optical �bers. In op-
tical ampli�cation, ampli�ed spontaneous emission (ASE) noise is also generated,
a�ecting the receiver performance that already su�ers from optical crosstalk. We
analyze how much an optical network su�ers from optical crosstalk and ASE noise.

Second, a new technique for mitigating crosstalk is introduced. This technique
uses a combination of a high-speed sinusoidal signal and a �ltered noise source to
dither the optical phases of WDM signals. Owing to this scrambling noise, the
interferometric crosstalk power, which is originally located around the baseband
spectrum, is redistributed to a higher frequency region. An electrical low-pass �lter
of the receiver circuit can �lter out the crosstalk power in this frequency region.
By �ltering a portion of the crosstalk power, the network's tolerance towards
optical crosstalk can be enhanced. Moreover, implementation of this technique in a
monolithically integrated optical cross-connect to improve its system performance
is discussed.

Third, advanced integration technologies are regarded as a promising solution
to increase the availability of high performance devices at low costs. An example
of such integrated devices is a WDM receiver array. Current WDM receivers are
realized with a number of costly bulk receivers. The cost will dramatically increase
as WDM channels grow in number. A prototype of an integrated multi-wavelength
receiver has been designed and fabricated by the Delft University of Technology.
The receiver chip is connected to an array of electrical pre-ampli�ers. The chip
and pre-ampli�ers are mounted on a printed circuit board in the Eindhoven Uni-
versity of Technology. The receiver circuit board is packaged and tested to assess
its detection performance for each individual WDM channel. Performance issues
concerning optical and electrical crosstalk between the WDM signals are studied.

Finally, the fourth subject of this thesis concerns a WDM monitoring scheme.
Transparent optical networks require monitoring of the WDM channels to pro-
vide the network management with adequate information about the quality of the
transported signals. We present in this thesis a simple and upgradable monitoring
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technique that is capable of reconstructing the WDM channels so that the dy-
namical aspects of optical signals, such bit error rates and eye patterns, can be
assessed accurately.

1.8 Structure of the Thesis

Each chapter of this thesis is based on a previous publication by the author. The
thesis is divided into seven chapters.

Chapter 2 focuses on the analysis of optical crosstalk using three methods:
Gaussian approximation, saddlepoint approximation, and modi�ed Cherno� bound.
The three approaches are derived from statistical properties of optical crosstalk for
an intensity modulation and direct detection transmission scheme. Comparative
assessments for error performance of a system disturbed by crosstalk are presented.

Chapter 3 deals with optically pre-ampli�ed detection. Interaction between
crosstalk, optical noise, and the signal is analyzed using moment generating func-
tions. Theoretical results are compared with experimental results.

In chapter 4 a novel form of crosstalk mitigation using a phase scrambling
technique is discussed and the results of the measurements are presented.

Chapter 5 describes the experimental work to increase the crosstalk perfor-
mance of an integrated WDM cross-connect by using phase scrambling.

A compact WDM receiver array capable of detecting four wavelength channels
forms the subject of chapter 6. Moreover, the performance characterization in
sub-Gbit/s bitrates is elaborated.

Chapter 7 describes a WDM monitoring technique, and starts with a brief the-
oretical explanation of the technique. We present experimental results for moni-
toring four WDM channels.

Finally, chapter 8 presents conclusions and discusses recommendations for ap-
plication and further research of techniques which are described in this thesis.

1.9 Major Results

In the author's opinion, the major results of this research work are as follows:

• An eÆcient method is presented for calculating the impact of optical crosstalk
on the system transmission performance of an optical node. The method is
based on the saddlepoint approximation to analyze the error probability and
uses the statistical information of crosstalk in the form of moment-generating
functions of the receiver decision variable.

• A simple but experimentally-proven technique is discussed for reducing the
destructive impact of optical crosstalk on the performance of a desired chan-
nel. The technique is based on high-frequency phase modulation using an
electrical band-pass noise as its driving source.
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• A static and dynamic performance assessment is given for an integrated
multi-wavelength receiver module. The module consists of a phased-array
demultiplexer and photodetector, which are integrated into a compact optical
chip. The chip is connected with an array of commercial electrical pre-
ampli�ers to form optical front-ends. The pigtailing and packaging of the
complete receiver module are presented as well.

• A novel but simple method for monitoring a multi-wavelength optical sys-
tem is experimentally demonstrated. The method is based on an advanced
combination of optical and electrical signal processing. Because WDM sig-
nals are completely reconstructed by using this method, one can obtain eye
patterns and bit error rate values of each WDM channel.





Chapter 2

Optical Crosstalk in

Multi-Wavelength Networks

Optical crosstalk has long been considered a major factor in determining the overall
performance limit of multi-wavelength optical networks. In recent years, a number
of advances have been made in assessing the impact of this type of crosstalk. We
present in this chapter a computation method, which is called saddlepoint approx-
imation. This approximation is based on moment generating functions of multiple
optical crosstalk and Gaussian thermal noise. Results of the saddlepoint approxi-
mation are compared with results obtained using the Gaussian approximation and
the modi�ed Cherno� bound. Mathematical equivalences of the three computation
methods are highlighted. Parts of this chapter have been published in [28{31].

2.1 Introduction

High-capacity optical telecommunication systems deploy many wavelength chan-
nels at data rates of 10 Gbit/s or higher in each channel. Although the potential
number of channels in an optical �ber may be large enough to ful�ll the required
information capacity, it is limited by the bandwidth of optical devices, such as
optical ampli�ers. As a result, the wavelength channels should be allocated as
close as possible to each other within the ampli�er band. System impairments will
occur when optical wavelength-selective components along the transmission are
not able to distinguish the closely-spaced wavelength channels or when the com-
bined optical power of the wavelength channels is so high that the optical �ber
can nolonger be treated as a linear medium. As a consequence, optical crosstalk
can occur that places constraints on the performance of optical transmission.

In literature, di�erent types of optical crosstalk in a transmission system are
considered, although the terminology used is not unique. In the next section,
the terminology for optical crosstalk in this thesis is explained. Subsequently, we
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Figure 2.1: Overview of di�erent types of optical crosstalk in WDM networks.
BE : the electrical bandwidth of a receiver and �f : the frequency
di�erence of a desired signal and crosstalk.

present computational methods to analyze the e�ect of optical crosstalk on system
performance of WDM networks.

2.2 Crosstalk Classi�cation

Several types of optical crosstalk can be distinguished in optical networks. Optical
crosstalk can be broadly classi�ed into non-linear and linear types. Figure 2.1
shows schematically the di�erent types of optical crosstalk that may arise in WDM
networks.

In WDM networks, the total optical power in a �ber is the summation of the
optical power of individual channels. This total power can be quite large even when
individual channels are operated at moderate powers. For high optical powers, the
refractive index of a �ber will depend on the optical intensity of signals propagating
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through the �ber [32]. Since intensity modulation is usually employed in optical
transmission, optical signals in the �ber do not have a constant power. Intensity
uctuations in a single optical channel can cause changes in the refractive index
of the �ber. If other channels use the same �ber as in the case of WDM systems,
then the refractive index changes cause phase variations in those channels. As a
result, optical crosstalk of the type cross-phase modulation and four-wave mixing
arises which may impair system performance.

Cross-phase modulation (XPM) a�ects the phase of the signals of di�erent
wavelengths due to the intensity dependent refractive index change, which in turn
will cause spectral broadening or chirp. This broadening will introduce additional
penalty in dispersive optical �bers. When an optical signal experiences the phase
changes caused by the uctuation of its own power, this phenomenon is called
self-phase modulation (SPM). In WDM systems employing a large number of
channels, the deterioration in one channel induced by SPM is enhanced by the
power uctuations in the other channels, thus XPM.

Four-wave mixing generates several harmonics at di�erent wavelengths (�1 ±
�2±�3). Depending on the individual wavelengths, the generated signals may lie on
or very close to one of the existing wavelength channels, which results in signi�cant
crosstalk to that channel. The destructive e�ect of FWM depends critically on
the channel spacing and �ber dispersion. Techniques to suppress the intensity-
dependent non-linearities in a standard optical �ber are well documented, see
e.g. [9, 23, 32, 33]. They include the use of unequal channel spacing, decreasing the
power level, and increasing channel spacing to phase-decorrelate optical channels
owing to �ber dispersion.

Non-linearities can also cause scattering e�ects in optical �bers because of the
interaction of lightwaves with vibrations of silica molecules, yielding stimulated
Raman scattering, or with acoustical waves, yielding stimulated Brillouin scatter-
ing.

Stimulated Raman scattering (SRS) causes optical energy in WDM channels
to be transferred from the shorter-wavelength channels to the longer-wavelength
channels. The interferometric e�ects of SRS have a broadband nature (up to 15
THz), which makes a normal WDM system susceptible to the SRS because the to-
tal system bandwidth is smaller than the SRS bandwidth. Moreover, future WDM
systems will employ densely spaced wavelength channels to optimally use the �ber
bandwidth. In a fully-loaded optical band, SRS-initiated crosstalk will easily oc-
cur. Wavelength channels located at the shortest wavelengths will experience the
worst crosstalk due to the SRS e�ects.

Stimulated Brillouin scattering (SBS) depletes the incident signal, and in ad-
dition, generates a potentially strong scattered signal propagating back toward
the transmitter, thereby impairing optical systems for bi-directional transmission
over a single �ber [34]. The scattered signal is shifted to a lower frequency, thus a
longer wavelength, by an amount of approximately 11 GHz. Unlike SRS, the SBS
bandwidth is extremely narrow (10−100 MHz in the 1.5-�m window). This means
that SBS does not cause any interaction between di�erent wavelength channels,



16 Optical Crosstalk in Multi-Wavelength Networks

λ

λ

λ out-band
crosstalk

WDM filter

WDM
Add/Drop

λ

λ
WDM Cross-Connect

λ
λ

in-band
crosstalk

λ

λ

λλ

in-band
crosstalk

out-band
crosstalk

Figure 2.2: Linear crosstalk in a WDM optical cross-connect and add/drop
multiplexer.

as long as the wavelength spacing is much larger than the SBS bandwidth.

A comprehensive study of the properties of the non-linear crosstalk sources is
beyond the scope of this thesis. However, the computation methods in this thesis
can also be applied to analyze their impact on system performance since we will
use a general model to describe crosstalk signals in WDM networks.

Linear crosstalk is caused entirely by non-ideal performance of an optical node.
The occurrence of linear crosstalk in such a node is schematically shown in Figure
2.2. An optical node may consist of non-ideal wavelength-selection and switching
devices. In case of only a wavelength-selection device such as a WDM demulti-
plexer, the node simply separates optical channels and transmits them to other
nodes. The cause of crosstalk in a demultiplexer is the �nite adjacent-channel
suppression. When both selection and switching of channels are combined, such
as in a cross-connect or an add/drop node, crosstalk is caused not only by WDM
demultiplexers but also by the �nite channel isolation of optical switches.

Linear crosstalk can be classi�ed as optical in-band or optical out-band crosstalk,
depending upon its spectral location with regard to the passband of an optical �l-
ter. Optical out-band crosstalk, is de�ned as being outside the passband of an
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optical �lter. In WDM networks, optical out-band crosstalk appears from chan-
nels of di�erent wavelengths. This type of optical crosstalk is not harmful since it
can be largely suppressed by using a narrow-band optical �lter. Optical in-band
crosstalk occurs when a signal and interferers have closely-valued wavelengths. As
a consequence, the signal and interferers are within the passband of an optical
�lter, which is usually located in front of an optical receiver, causing a serious
degradation in the receiver system performance. Since it cannot be removed by an
optical �lter, optical in-band crosstalk will propagate with desired WDM channels
along optical networks. The destructive e�ect of this type of crosstalk accumulates
in the optical nodes that are used for routing and switching of the WDM channels.
This is illustrated in Figure 2.3. At the transmitting-end, two channels are cou-
pled into a �ber and they propagate in a WDM network consisting of a number
of cross-connects. In each cross-connect, optical crosstalk occurs and disturbs the
signal channels. At the receiving-end, the channels have not only the signal parts
but also the parts of accumulated crosstalk.

Optical in-band crosstalk can be divided into two types based on the electri-
cal spectral di�erence between an optical signal and crosstalk. If this di�erence
is less than the electrical bandwidth of an optical receiver (�f<BE), then the
type is electrical in-band crosstalk. If not, electrical out-band crosstalk will arise
due to the spectral di�erence of greater than the electrical bandwidth (�f>BE).
Electrical out-band crosstalk can be fairly suppressed by means of a narrow-band
electrical �lter.

Electrical in-band crosstalk can further be divided into homodyne crosstalk
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and heterodyne crosstalk. Homodyne crosstalk occurs when a desired signal and
crosstalk in the electrical domain have the same nominal frequencies, thus �f=0.
In this case, the signal-crosstalk beat power is concentrated around electrical base-
band. If the signal and crosstalk have closely-valued frequencies (0 <�f< BE),
then the crosstalk is said to be heterodyne. This type of crosstalk has optical
phases that are not correlated with the signal phases because optical signals are
originated from di�erent lasers. Since the beat frequency is not centered at base-
band, a fraction of heterodyne crosstalk power after detection can be outside the
electrical bandwidth of a receiver. Homodyne crosstalk, however, can be either
coherent (phase-correlated) or incoherent (not phase-correlated). If the signal-
crosstalk mixing takes place within the laser coherence length, then homodyne
crosstalk is classi�ed as coherent crosstalk. Otherwise, incoherent crosstalk will
appear, causing a rapid phase-induced amplitude uctuation or interferometric
noise in the receiver photocurrent. The destructive e�ect is caused by the fact
that the receiver decision threshold which is bandwidth limited, cannot follow this
fast uctuation which leads to erroneous bit detection. One method to reduce this
destructive e�ect on WDM signals is to widen optical spectra such that a spectral
shift in crosstalk power distribution occurs from homodyne to heterodyne or even
to electrical out-band crosstalk. This method will be discussed in more detail in
chapter 4.

The classes of incoherent homodyne crosstalk and heterodyne crosstalk will
have the same e�ects although they have di�erent origins. Henceforth, they will
be treated together in this chapter as electrical in-band crosstalk. For a short
notation, we will use the term in-band crosstalk to indicate optical crosstalk whose
beat power is largely inside the bandwidth of an optical receiver, thus incoherent
homodyne or heterodyne crosstalk.

2.3 Crosstalk in Optical Cross-connects

A WDM cross-connect has wavelength-selective elements and switching elements
that switch individual wavelength channels from several inputs to several out-
puts. For cross-connecting WDM channels, an optical cross-connect should have
a wavelength response that cover the spectral location of those channels.

An optical signal traveling through an optical cross-connect node will expe-
rience optical crosstalk due to the performance imperfection of the node. The
crosstalk may come from the adjacent WDM channels and from a delayed ver-
sion of the desired signal that travels through di�erent optical paths in the cross-
connect. The crosstalk appearence in the node comprising an optical cross-connect
is illustrated in Figure 2.4.

The cross-connect node in Figure 2.4 is able to switch signals at two wavelength
channels, independently, from two inputs to two outputs. From an application
perspective, such a node can be constructed by using separate bulk components
or by integrating WDM components in an optical chip. An optical node realized
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by monolithical integration exhibits a more compact shape than a node realized
with bulk components. At this moment, however, an integrated cross-connect
still shows a moderate level of crosstalk when it is compared to the crosstalk
performance of a bulk cross-connect. For that reason, a crosstalk analysis for
optical nodes consisting of integrated devices is useful.

The optical cross-connect under consideration is implemented by connecting
the outputs of a WDM demultiplexer to the inputs of a WDM multiplexer through
cross-bar switches. A speci�ed wavelength channel can be passed to a desired out-
put by activating the switch either in cross or in bar-state. Optical out-band
crosstalk arises from inadequately suppressed the neighboring wavelength chan-
nels in the demultiplexers (marked by WDDM1 and WDDM2 in Figure 2.4). In
the case of optical in-band crosstalk, the desired signal and the leak signal have
nominally an identical wavelength. For example, the signal at wavelength �1 from
input 1 (�1;1) of the �rst space switch su�ers optical in-band crosstalk (marked
by SS1) from �1;2. At the output of the cross-connect, the multiplexers collect all
wavelength channels together and the resulting output channels su�er from the
total crosstalk as indicated by WDDM1, WDDM2, SS1, SS2. Their destructive
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impact on the desired channels is enhanced by the fact that they have the same
nominal wavelength and the resulting beat terms are spectrally located within the
receiver bandwidth. If several cross-connects are connected in a cascaded con�gu-
ration in a network, then the number of optical in-band crosstalk terms will grow
dramatically, causing an even more serious degradation in system performance.

There is a large variety in the crosstalk estimation approaches that can be
found in literature [27, 35{53]. We will limit discussions to the approach that is
developed during this research project, i.e. saddlepoint approximation. To the
best of our knowledge, crosstalk analysis using saddlepoint approximation is �rst
proposed in [29], which is based on the work presented by Helstrom in [45]. In
that paper, saddlepoint approximation is used to analyze the impact of detection
noise on the performance of an optical receiver.

In this chapter, we will present the derivation of the saddlepoint approxima-
tion. Since the saddlepoint approximation shows a high degree of computational
similarity with the modi�ed Cherno� bound, a comparative assessment of system
performance using the two methods is very attractive. As an alternative for a
crosstalk analysis, the Gaussian approximation will also be described. Among
crosstalk assessment methods, the Gaussian approximation is attractive owing to
its simplicity and upgradability to assess multiple crosstalk sources.

Most of computational methods perform well for the evaluation of a single
crosstalk term. For a large number of independent crosstalk terms, many of them
show increased complexity in the calculation of the statistics of multiple crosstalk
sources. This calculation includes a complex convolution operation since a com-
posite probability density function of a multi-source crosstalk is convolution of
the separate crosstalk probability density functions. This complexity can be cir-
cumvented if the calculation is done using moment generating functions. Once
the moment generating function of crosstalk is obtained, the statistics of multi-
ple crosstalk can be described with multiplication of separate moment generating
functions. Since the moment generating function of an optical signal disturbed by
crosstalk can be found in a closed form, the calculation becomes more simple and
eÆcient.

2.4 Optical Receiver Model

The receiver model assumed in this thesis to approach the problems related to
in-band crosstalk is shown in Figure 2.5. An optical data signal, which is dete-
riorated by optical crosstalk, is detected. The photodetector is followed by an
electrical integrate-and-dump �lter. For the case of on/o� keying, as is considered
here, the integrated pulse energy is compared with a decision threshold value. In-
band crosstalk is formed when multiple signals of identical wavelengths fall upon
a photodiode. As photocurrents of the photodetector are proportional to the in-
cident optical �eld in square, various beating components will be generated in the
photocurrents.
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Figure 2.5: Receiver model used in the analysis of optical crosstalk.

Let us consider an optical signal power Ps(t) emanating from a laser. The
optical �eld in �bers can be described as a continuous wave (CW) of the form

~Es(t) = ~rs
p
Ps(t) exp [j!st+ j�s(t)] ; (2.1)

where ~rs expresses the state of polarization, !s the optical angular frequency and
�s(t) the instantaneous optical phase. This signal is disturbed by a number of

crosstalk terms ~Ex(t)=
P
k
~Ek(t). The total incident �eld on a photodetector for

N crosstalk terms can be written as

~Eph(t) = ~Es(t) + ~Ex(t)

= ~rs
p
Psbs(t) exp [j!st+ j�s(t)] +

NX
k=1

~rk
p
�kPsbk(t) exp [j!kt+ j�k(t)] :

(2.2)

The parameter �k=Pk=Ps in Equation (2.2) is the relative power of the k-th
crosstalk term with s denoting the desired signal. bs;k represent the binary sym-
bols forming the amplitude modulated signal: bs;k∈{%; 1} with 0≤%<1 accounting
for the extinction ratio. Using a semi-classical approach of optical detection, as
described in [54], we de�ne the instantaneous optical power as being proportional
to the squared magnitude of the electromagnetic �eld, allowing us to describe the
�eld intensity received at the photodetector as

iph(t) = R
��� ~Eph(t)���2 = R

��� ~Es(t) + ~Ex(t)
���2 ; (2.3)

where R=�qe=(h�) represents the photodiode responsitivity. � is the quantum
eÆciency, qe the electron charge, and h� the photon energy. For simplicity in
the analysis, R is set to unity, which represents the responsitivity of an ideal
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photodetector. Therefore, Equation (2.3) can be rewritten as

iph(t) = Ps

"
bs(t) +

NX
k=1

bk(t)�k+

2

NX
k=1

~rs ~rk
√
�k
p
bs(t)bk(t) cos [(!s − !k)t+ �s(t)− �k(t)] +

2

N−1X
k=1

NX
l=k+1

~rk~rl
√
�k�l

p
bk(t)bl(t) cos [(!k − !l)t+ �k(t)− �l(t)]

#
;

(2.4)

It should noted that in Equation (2.4) the beat terms of angular frequency !s+!k
and !k+!l are neglected because they fall outside the detector bandwidth. Equa-
tion (2.4) combines the signal contribution plus three distinct crosstalk contribu-
tions. The �rst contribution in Equation (2.4) is the electrical out-band crosstalk,
which simply alters the position of the lower and upper signal in the eye diagram
by a factor proportional to the crosstalk power. The second contribution is the
beating e�ect between the desired signal and the interfering crosstalk, which is
termed as the signal-crosstalk beat noise. This beat term is considered as a pri-
mary crosstalk term, which has the form of �=� cos� where � is a uniformly
distributed random variable between 0 and 2�. � is the amplitude of the beat
noise, 2Ps

√
�k. Its probability density function (PDF) can be represented by an

arc-sine function,

f(�) =

8<
:

1

�
√
�2−�2 −� < � < �

0 elsewhere:
(2.5)

An experimental result as depicted in Figure 2.6 shows that the measured statistics
of in-band crosstalk are reasonably well described by Equation (2.5). The last term
is called the crosstalk-crosstalk beat noise. In most practical systems, this beat
noise contribution is negligible small when it is compared to the other crosstalk
contributions. Therefore, the crosstalk-crosstalk beat noise is usually not included
in most of the crosstalk assessment methods.

In conclusion, the impact of optical crosstalk on the desired signal consists
largely of two terms. The �rst term, which scales with �, is not a�ected by small
variations in wavelength and phase. Its impact to the desired signal is simply
calculated using an approach based on crosstalk-power addition to the signal [35,
36]. The second term has a magnitude of

√
� and it uctuates as a function of the

wavelength and phase di�erence so that the e�ect of crosstalk on the desired signal
should be calculated using crosstalk-�eld addition to the desired signal [35, 36]. In
the following sections, we take a closer look to the variables that constituting the
signal-crosstalk beat term.
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Figure 2.6: Optical pulses distorted by in-band crosstalk. The PDF of the
signal-crosstalk beat noise forms an arc-sine function (U-form).

2.4.1 Polarization States of Signal and Crosstalk

In the description above, the polarization terms ~rs;k are included to de�ne the
states of polarization of signal and interfering crosstalk. In many assessments per-
formed by others, it was decided to neglect the polarization misalignment between
the signal and crosstalk. One neglected polarization misalignment by assuming
that the average polarization states are skewed towards the worst case, i.e. polar-
ization alignment.

A di�erent approach was proposed in [29] by taking into account the po-
larization statistics  (~rs; ~rk)=|� cos(�s − �k)| with the polarization orientation
angles �s;k being uniformly distributed random variables in the interval [0; 2�].
Its PDF takes a type of a doubled positive part of the arc-sine distribution,
f( (~rs; ~rk))=2=(�

p
�2 −  2) for 0< <�. The PDF of a single crosstalk interferer

becomes the convolution of the PDF of the phase and the polarization states.
Whether or not the polarization states should be included in the analysis, de-

pends on the comparative time scales of phase and polarization variations. The
coherence time of a laser is typically of the order of a few nanoseconds, whereas
the rate of polarization change is usually at least eight orders of magnitude larger
than the coherence time [43, 53]. For that reason, combining these two stochastic
variables by convolution of their density functions can only be performed within
the laser coherence time. Longer times than the coherence time could give mis-
leading results. Based on these widely di�ering time scales, crosstalk has been
assessed frequently by introducing slow polarization uctuations within a bit du-
ration. However, for most network operators and also for engineering purposes this
assumption is still inappropriate. What one needs is a reliable estimate whether or
not the network will perform adequately, satisfying quality of service speci�cation.
With the assumption of slow uctuations in state of polarization, the worst case
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condition can persist for considerable lengths of time. It is therefore necessary
for a network engineer to formulate a worst case analysis, based on polarization
aligned signal and interferers rather than those based on statistically average over
all polarization states.

2.4.2 Wavelengths of Signal and Crosstalk

The level of interferometric beat noise experienced in the detection process is pro-
portional to the component of beat products that is inside the receiver bandwidth.
This is conditioned by two factors: optical frequency di�erence between signal and
crosstalk, !s−!k, and the bandwidth of the light sources ��.

The �rst factor is very much dependent on the wavelength requirement for the
systems. For a dense WDM system, the wavelength requirement is very stringent
and the possible crosstalk source will have a very small optical frequency di�erence
with the signal.

The second factor is concerned with the modulation scheme used to put elec-
trical baseband data in the optical domain. The CW linewidth of a laser has a
typical value of 40 MHz compared to a few GHz-bandwidth of an optical link. By
using an external modulation scheme, the source bandwidth increases to values
that are caused predominantly by the modulation bandwidth. If the modula-
tion bandwidth and the frequency di�erence are both smaller than the system
bandwidth, then the beat noise power will be completely detected, which is also
considered in general as a worst case. By imposing pre-detection optical as well as
post-detection electrical �ltering, the high-frequency spectrum of the beat noise
will be �ltered, causing the noise variance being smaller. As a result, the beat
noise is concentrated at the signal level. Since only low-frequency uctuations are
present, the decision circuit is able to follow the dynamics of the signal. In that
way, a few decibels reduction in the crosstalk penalty can be obtained.

2.4.3 Phases of Signal and Crosstalk

Based on phase correlation between the signal and crosstalk, we can treat crosstalk
as being coherent (phase-correlated) or being incoherent (phase-uncorrelated).
The laser coherence length (typically 1 meter for a telecom laser) and intrinsic
laser properties are of crucial importance in de�ning the phase correlation.

When crosstalk interferers and signal are originated from di�erent laser sources
or from the same source but delayed by much longer than the laser coherence
length, the beat product will have incoherent characteristics. For such optical
crosstalk, the phase di�erence will take random values between 0 and 2� and
the phases will uctuate rapidly within a bit period. The PDF of the incoherent
crosstalk is given by Equation (2.5). However, if the interference occurs within
the laser coherence length, then coherent crosstalk will arise in the network. This
coherent interference is less harmful to system performance than the incoherent
interference. It is shown in [55] that e�ects of the coherent interference in optical
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networks can be fairly characterized by multipath fading e�ects in time scales of
seconds to minutes, which are similar to the fading phenomena in radio commu-
nication.

2.5 Crosstalk Assessment Methods

The performance of a digital system is usually quanti�ed by its error probability
or bit error rate (BER). All e�ects including noise, crosstalk, dispersion, and other
system impairments are accounted for in BER values.

To compute the error probability of a direct detection optical communication
system employing intensity modulation with binary signaling, a number of di�er-
ent computation methods have been developed. These methods have the objective
of accurately estimating the e�ect of interferometric beat noise on system perfor-
mance of an optical network in an eÆcient way. Computational eÆciency is an
important measure since the computation can be complex to accommodate the
variations in crosstalk power and the number of crosstalk interferers.

A list of crosstalk computation methods, which can be found in literature, is
presented in Table 2.1. System performance, such as error probability and power
penalties, can be computed by performing a semi-in�nite integral over the tail
probability density function of the receiver decision variable in the presence of the
receiver noise and optical crosstalk. In many cases, because of several reasons
related to the applications, such as the �nite response of the receiver circuit and
the statistics of multi-source crosstalk, this integral operation becomes diÆcult to
analyze and therefore approximations or bounds are used instead. The evaluation
methods presented in Table 2.1 vary widely in terms of the method used (truncated
series, approximations, and bounds) for integral evaluation, the PDF substituted
in the integral, and the limits imposed to the integration in relation with the
receiver decision threshold.

During the research project, a computation method based on the saddlepoint
approximation is developed to analyze multiple crosstalk sources. This approxima-
tion uses moment generating functions of the decision variable. The saddlepoint
approximation shows a close mathematical equivalence with the modi�ed Cher-
no� bound. Therefore, both methods will be described in the next sections. The
accuracy and complexity of the saddlepoint approximation and the modi�ed Cher-
no� bound will be compared with the Gaussian approximation, which is widely
used for performance assessments in optical systems owing to its computational
simplicity.
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Assessment
Method

Description Variable Reference

Gaussian Ap-
proximation
(GA)

Based on the central limit theorem;
suited for a large number of terms (≥ 16)
or low crosstalk values (≤ −30 dB); over-
estimated for penalties ≥ 0:3

Variances [27, 35{40]

Modi�ed
Gaussian Ap-
proximation
(MGA)

Improvement of the classic GA by adding
a rectangular probability distribution of
the phase di�erence

Variances [41]

Cherno� Bound
(CB)

A particular form of Chebyshev inequal-
ity; simple general bound, not exception-
ally tight in all cases

Moment gener-
ating functions

[42, 56]

Modi�ed Cher-
no� Bound
(MCB)

Improvement of the classic CB by includ-
ing Gaussian components, compact and
accurate

Moment gener-
ating functions

[43, 44, 57{
60]

Saddlepoint
Approximation
(SPA)

Approximates the error tail probabilities
by �nding a saddlepoint of the integrand
of moment generating functions; needs a
second di�erential term

Moment gener-
ating functions

[29, 43, 45,
46, 60]

Adaptive
Importance
Sampling (AIS)

A variance reducing technique in
weighted Monte Carlo method; useful to
analyze events of complex probabilities

Variances [48]

Inner Eye Clo-
sure (IEC)

A straight forward method by determin-
ing the worst-case eye closure; often too
pessimistic

Mean, Range,
and Variances

[49]

Hermitian Poly-
nomials (HP)

Producing a closed form of bit error rate
formula but having accuracy problem due
to truncation

Limited set of
moments

[50]

Simulation
Tools (ST)

Using quasi-analytic method to compute
bit error rate; su�ering from a long com-
putation time

Building blocks
with character-
istic crosstalk
values

[51, 61]

Numerical Com-
putation (NC)

Numerical methods used to solve inte-
gration of convoluted probability density
functions; rather complex for multiple in-
terference

Probability den-
sity functions
with di�er-
ent boundary
conditions

[52, 53]

Table 2.1: Overview of crosstalk assessment methods in optical networks.

2.6 Assessment Methods using Minimum Statis-

tics

Assessment methods based on minimum statistics are frequently used to analyze
optical impairment because of their simplicity. The computation time of these
methods is extremely short. An example of these methods is Gaussian approxi-
mation (GA) or modi�ed Gaussian approximation (MGA). Both methods use only
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the minimum statistical information of noise and crosstalk, i.e. mean and variance,
in order to obtain a standard approximation of the probability tail integral. The
beat noise variance for signals with values of 1's, �2�N;1 , and 0's, �2�N;0 , is given by

�2�N;1 = 2N�(1 + %)Ps for a symbol 1;

�2�N;0 = 2N�%(1 + %)Ps for a symbol 0;
(2.6)

where Ps is the mean value of the optical power received by an ideal detector
(R=1). In Equation (2.6), we introduce the signal extinction ratio %, which is
de�ned as the ratio between the average optical power representing the binary
symbol 0's and 1's. Assuming that the binary symbols are a priori equally prob-
able, the probability of an erroneous detection of a bit, Pe, under the Gaussian
assumption can be written as

Pe =
1

2
q+ (z0 > D) +

1

2
q− (z1 < D)

=
1

2

Z ∞

D

fG(z0) dz0 +
1

2

Z D

−∞
fG(z1) dz1;

(2.7)

where q+(:) and q−(:) are the upper and lower tail probability, respectively, D
the decision threshold and fG(z) the probability density function of the Gaussian
random variable with variance �2G. The density function fG(z) is given by

fG(z) =
1√
2��G

exp

�−z2
2�2G

�
: (2.8)

By inserting Equation (2.8) in Equation (2.7) and assuming the variables in Equa-
tion (2.6) being Gaussian random variables, the error probability can be written
as

Pe =
1

2
Q
0
@ Ps −Dq

�2th + �2�N;1

1
A+

1

2
Q
0
@ D − %Psq

�2th + �2�N;0

1
A ; (2.9)

with the function Q(·) being the standard Gaussian probability tail function

Q() = 1√
2�

Z ∞



exp
�−z2=2� dz: (2.10)

�2th is the variance of additive zero mean Gaussian thermal noise. For practical
interest, it is very convenient to quantify the performance of an optical system by
its power penalty. The power penalty is de�ned as the increase of the received
optical power Ps in order to maintain the reference value of the error probability.
From Equation (2.9) the penalty can be obtained by equating the quality factor
of a signal, i.e. , in the case of with and without crosstalk beat terms. By
equating corrupted and uncorrupted quality factors, we simply scale back the Q-
function without changing its form, which is shown to be a reliable approximation
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for the strictly Gaussian dominated random variables. Experiments, see e.g. [35{
37, 41], have shown that for relatively low crosstalk powers, in which the receiver
thermal noise dominates the performance, the Gaussian approximation shows a
good agreement with experimental data.

As a re�nement for Equation (2.9) rather than simply using the average value
of �2�N , the performance analysis may be conducted by a weighted statistical av-
erage of the error probability for each number � of the N crosstalk terms having
simultaneously a binary symbol 1. This probability is given by the binomial dis-
tribution

p(�;N) =
1

2N

�
N

�

�
=

1

2N
N !

(N − �)!�!
: (2.11)

By using Equation (2.11) the average error probability for a priori equiprobable
symbols becomes

Pe =
1

2

NX
�=0

p(�;N)

2
4Q

0
@ Ps1 −Dq

�2th + �2��;1

1
A+Q

0
@ D − Ps0q

�2th + �2��;0

1
A
3
5 ; (2.12)

where Ps0;1 is the received power for a single binary symbol 0 and 1, respectively.
The crosstalk related variance is denoted by �2�;�. If we consider a transmitted
binary symbol 1, then the mean received power Ps1 is given by [62]

Ps1 = Ps + �Ps [�+ % (N − �)] ; (2.13)

and the variance �2��;1 including the crosstalk-crosstalk beat terms becomes [62]

�2��;1 =
1

2
�(2Ps

√
�)2 +

1

2
(N − �)(2Ps

√
�%)2 +

1

2

�(�− 1)

2
(2Ps�)

2+

1

2
�(N − �)(2Ps�

√
%)2 +

1

2

(N − �)(N − �− 1)

2
(2Ps�%)

2 + Ps1 :

(2.14)

The factor 1
2 in Equation (2.14) denotes the variance of the crosstalk. The �rst

two terms in Equation (2.14) compute the beat terms between the signal and the �
crosstalk sources of the symbol 1 and the signal and the N−� crosstalk sources of
the symbol 0, respectively. The next three terms are obtained from the crosstalk-
crosstalk beat terms whereas the last term is due to the Poisson distributed shot
noise, which is equal to the mean of the photocurrent. Similarly, for the signal
carrying the symbol 0 the mean power Ps0 and the variance �2��;0 , because of the
presence of the � number of crosstalk sources having simultaneously the symbol
0, can be expressed as

Ps0 = Ps%+ �Ps [%�+ (N − �)] ; (2.15)

and

�2��;0 =
1

2
�(2Ps

√
�%)2 +

1

2
(N − �)(2Ps

√
�%)2 +

1

2

�(�− 1)

2
(2Ps�%)

2+

1

2
�(N − �)(2Ps�

√
%)2 +

1

2

(N − �)(N − �− 1)

2
(2Ps�)

2 + Ps0 :

(2.16)
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From the central limit theorem (CLT), we expect that the Gaussian approxima-
tion can provide a good approximation for a large number of independent crosstalk
terms or for cases in which thermal noise is strongly dominant. If, however, the
constituent PDF's di�er strongly from Gaussian, then the convergence under CLT
can be extremely slow [49]. As the PDF for a single crosstalk, described by Equa-
tion (2.5), is strictly bounded, the Gaussian approximation, which relies on un-
bounded PDF's, will lead to a poor result. Even with several of such interferers,
convergence will still be quite slow, especially in the tails of the error distribution
which are of critical importance for the Pe estimation.

The strength of the GA lies in its simple formulation of the error probability.
Therefore, the GA is a convenient estimation tool for a �rst approximation and
it can be used generally in cases where CLT can be relied on, i.e. a large number
of interfering terms or a strong Gaussian thermal noise source. We should point
out that care must be taken in using the Gaussian approximation because it may
produce inaccurate results in many cases as have been described in [44, 49] and it
may predict erroneous trends, leading to an improper conclusion.

2.7 Assessment Methods using Moment Generat-

ing Function

Assessment methods that are based on the moment generating functions (MGFs)
can overcome many of the shortcomings of the method based on minimum statis-
tics, albeit sometimes at the expense of increased complexity. The MGF of in-band
crosstalk based on multiple incoherent interferers is readily obtained since addi-
tion of independent stochastic variables corresponds to multiplication of MGF's
[45, 46, 49]. In the following, we focus the discussion on two important MGF-based
computation methods, namely the saddlepoint approximation and the modi�ed
Cherno� bound.

2.7.1 Saddlepoint Approximation

The saddlepoint approximation (SPA) was �rst mentioned in [45] when assessing
the performance of a p-i-n photodiode. Later this method was used to characterize
an avalanche photodiode [46]. In both assessments, the SPA has been proven to
be a very reliable computational tool. We outline here briey the general form of
the method as a precursor for applying it to systems corrupted by crosstalk.

For the derivation of the saddlepoint approximation, we concentrate on the
reception of symbol 1's, noting that an analogous description could be given for
symbol 0's. The error probability, given that a symbol 1 is detected, is described
by the lower tail probability

Pe(z < D) =

Z D

−∞
f1� (z) dz; (2.17)
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where D is the decision threshold and f1� (z) the probability density function for
the signal including crosstalk plus total noise at the input of the decision circuit
when a symbol 1 is detected. In terms of the moment generating function of the
composite random variable �, the probability density function f1� (z) is given by
the Laplace inversion transform as

f1� (z) =
1

2�j

Z c1+j∞

c1−j∞
M1
� (s) exp[−sz] ds; (2.18)

with integration along a straight line parallel to the imaginary s-axis in the cut
plane. The conditional distribution Pe(z < D) in Equation (2.17) is obtained by
integrating Equation (2.18) from −∞ to D,

Pe(z < D) = − 1

2�j

Z c1+j∞

c1−j∞

M1
� (s)

s
exp[−sD] ds; (2.19)

for c1<0 as a real number. The integrands of Equation (2.19) possess a saddlepoint,
say s1, on the real axis. We can take c1=s1 so that the contour of integration
passes through the saddlepoint s1. Writing the integrands of Equation (2.19) as
exp [ 1(s)], one can obtain the following expression

 1(s) = ln
�
M1
� (s)

�− ln [−s]− sD; (2.20)

with M1
� (s)=M

1
y (s)Mth(s). The term M1

y (s) is the moment generating function

of the optical signal including crosstalk, and Mth(s)=exp
�
s2�2th=2

�
is the moment

generating function of the additive Gaussian thermal noise with variance �2th. In
the vicinity of the saddlepoint s=s1, the phase function  1(s) can be approximated
by a function that is obtained by expanding  (s) in a Taylor series around the
point s=s1,

 1(s) =  1(s1) +
1

2
 ′′
1 (s1)(s− s1)

2 + · · · : (2.21)

The �rst derivative  ′
1(s1) does not appear since s=s1 is an extremum of  1(s).

Substituting Equation (2.21) into Equation (2.19) and truncating the series after
the second derivative, one can obtain the saddlepoint approximation for the lower
tail probability,

Pe(z < D) ≈ exp [ 1(s1)]p
2� ′′

1 (s1)
: (2.22)

Using a similar manner as described above, we can �nd the saddlepoint approxi-
mation for the upper tail probability of the case when a symbol 0 is detected,

Pe(z > D) ≈ exp [ 0(s0)]p
2� ′′

0 (s0)
: (2.23)

The parameter s0;1 is the root of  ′
0;1(s)=0 where s0 is a positive number and

s1 is a negative number. The �nal expression of the average error probability
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using the saddlepoint approximation for an equal probable symbol 1 and 0 can be
constructed by combining Equation (2.22) and Equation (2.23),

Pe;SPA =
1

2
√
2�

 
exp [ (s0)]p

 ′′(s0)
+
exp [ (s1)]p

 ′′(s1)

!
(2.24)

2.7.2 Modi�ed Cherno� Bound

The modi�ed Cherno� bound (MCB) was derived originally by Prabhu [57] for
electrical communication systems as an improvement of the classical Cherno�
bound [42]. Later, it was O'Reilly et al. [58, 59] who introduced this comput-
ing method to analyze the performance of optical receivers. Since the modi�ed
Cherno� bound is a computational bound rather than an approximation, it would
be certainly a more practical tool for the performance assessment in optical com-
munication. For a system designer, the MCB forms a safe estimation method as
it provides an upper bound to the bit error rate [44]. Generally, the MCB gives
useful information in which interval the performance estimation will converge.

The derivation of the MCB starts with Equation (2.19), similar to that for the
SPA. As a �rst derivation step, we constitute an inequality, noting that it holds
for complex as well as for real functions�����

Z b

a

g(z) dz

����� ≤
Z b

a

|g(z)|dz: (2.25)

Equation (2.25) describes that the absolute value of an integral cannot exceed the
integral of the absolute value of the integrand. With the inequality of Equation
(2.25) we can bound the integral of Equation (2.19) and replace the integrand with
the phase function  1(c1 + jx),

Pe(z < D) ≤ 1

2�

Z ∞

−∞
exp [Re{ 1(c1 + jx)}] dx: (2.26)

The phase function  1(:) can be written in terms of the moment generating func-
tion of the signal and thermal noise. This results in

 1(c1 + jx) = ln
�
M1
y (c1 + jx)

�
+
(c1 + jx)2�2th

2
− ln [−c1 − jx]− (c1 + jx)D:

(2.27)

Taking the real parts of all terms in Equation (2.27), yields

Re { 1(c1 + jx)} ≤ ln
�
M1
y (c1)

�− ln [−c1]− c1D| {z }
 1(c1)

+
c21�

2
th

2
− x2�2th

2
: (2.28)
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We can identify in Equation (2.28) a phase function  1(c1) and after evaluating
the integral, the bound for the lower tail probability can be given as

Pe(z < D) ≤ exp [ 1(c1)]√
2��th

: (2.29)

In an analogous manner, the expression for the upper tail probability when a
symbol 0 is detected, can be written as

Pe(z > D) ≤ exp [ 0(c0)]√
2��th

: (2.30)

Hence, the error probability for an equal probable symbol 1 and 0, based on the
MCB, again is obtained by combining Equation (2.29) and Equation (2.30)

Pe;MCB =
1

2
√
2�

�
exp [ 0(c0)]

�th
+
exp [ 1(c1)]

�th

�
(2.31)

As one may observe, the bound of Equation (2.31) still depends on the integration
path variable c0;1, which we can choose to optimize the bound as tight as possible
by �nding c0=s0 and c1=s1, so that  

′
0(s0)= 

′
1(s1)=0. In practice, one may per-

form a one-dimensional optimization on the variable s0=−s1. This optimization
causes a slight loss of tightness but it is compensated by simplicity [58].

From Equation (2.24) and Equation (2.31) one can observe that the SPA and
the MCB di�er only in their denominator since in general

 ′′
0;1(s0;1) �= �2th: (2.32)

This di�erence can be explained by comparing the phase function  0;1(:) in the
SPA and in the MCB. For the SPA, the phase function of Equation (2.21) can be
written as

 SPA =  1(s1)− x2

2

�
d2

ds2
ln
�
M1
y (s)

�
s=s1

+
1

s21
+ �2th

�
; (2.33)

while for the MCB the phase function is obtained by Equation (2.28), thus

 MCB =  1(s1)− x2�2th
2

: (2.34)

The phase function of the SPA in Equation (2.33) not only has the second deriva-
tive of the natural logarithm of the MGF of the optical signal, i.e. M1

y (s), but also
the phase function of the MCB. Since an approximation containing the second or-
der term is expected to be more precise than the �rst order, the values obtained by
the SPA will be closer to the correct value than those by the MCB. For some cases,
particularly cases in which strong Gaussian noise is present, all details ofM1

y (s) in

the phase function will be suppressed by the rapidly decaying term exp
�−x2�2th�

and both methods generate identical results.
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In the derivation of the SPA, the truncation of the series expansion of the phase
function  0;1(s) results in the approximation of the exponent by a parabola. If
the exponent, especially the natural logarithm ofMy(s), is slightly at around the
saddlepoint s0;1, then the results will produce some degree of imprecision. This
argument applies even more strongly in the case of the MCB since it retains all
its values of the moment generating function on the saddlepoint.

2.7.3 Moment Generating Function of Crosstalk

Both the saddlepoint approximation and the modi�ed Cherno� bound need a
complete statistical description of the receiver decision variable MZ(s) that in-
cludes crosstalk and the receiver noise. The moment generating function (MGF)
provides us with such statistical information. For a single in-band crosstalk inter-
ferer, Equation (2.4) shows that the beat term takes a form of y=� cos�, where
� is a random variable, uniformly distributed between 0 and 2�. The PDF of this
random variable is an arc-sinusoidal function, as described by Equation (2.5). Its
corresponding MGF, My(s), can be calculated as follows,

My(s) = exp [sy] =

Z �

−�

exp [sy] dy

�
p
�2 − y2

=
1

�

Z �

0

exp [s� cos�] d� = I0(s�); (2.35)

where I0(:) is the modi�ed Bessel function of the �rst kind and zero order. For
N independent interferers the accumulative MGF, MyN (s), is easily obtained
since addition of independent random variable corresponds to the multiplication
of MGF's,

MyN (s) =

NY
k=1

I0(s�k); (2.36)

where �k=2
√
�kPs denotes the magnitude of k-th crosstalk interferer. If all inter-

ferers are of equal magnitude, thus �k=�=2
√
�Ps, then Equation (2.36) becomes

MyN (s) = [I0(s�)]
N
: (2.37)

For an optical receiver, which generates additive thermal Gaussian noise of a zero
mean and the variance of �2th, the MGF of the additive Gaussian thermal noise is
given by

Mth(s) = exp

�
s2�2th
2

�
; (2.38)

where �2th=(4kBTk=RL)Be=I
2
thBe. The coeÆcient kB=1:38 × 10−23 J/K is the

Boltzmann constant, Tk the temperature in Kelvin, RL the load resistor, and Be
the electrical bandwidth. Ith is the thermal noise spectral density, chosen to give
a speci�ed back-to-back sensitivity for Pe=10

−9. Typical values of Ith are of the
order of a few pA=

√
Hz.
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We consider in the following the multi-source crosstalk and the Gaussian noise
to be statistically independent random variables, and therefore the total MGF at
the receiver decision threshold, MZ(s), is obtained by combining Equation (2.37)
and Equation (2.38),

MZ(s) = exp [sZ] =MyN (s)Mth(s) = [I0(s�)]
N
exp

�
s2�2th
2

�
: (2.39)

Since the multi-source crosstalk and the signal are both symbol conditioned, we
should expand the expressions for MGF to include a statistical representation of
symbol conditioning. The conditional MGF is obtained by statistically averag-
ing over all possible symbol combinations through the binomial weighting factor
p(�;N) of Equation (2.11). Hence, the conditional MGF for the case of a perfect
extinction ratio (%=0) is given by

M1
yN
(s) =

NX
�=0

p(�;N) I0(s��): (2.40)

It should be noted that we have neglected in Equation (2.40) the MGF of the
crosstalk-crosstalk beat term, which is I0(sPs��(� − 1)). For a single crosstalk
source with perfect extinction, it is suÆcient to compute M1

y (s) because the beat-
ing term occurs only if two symbol 1's are present, yielding M1

y (s) as the sole
interfering term.

Evaluation of crosstalk in optical signals of a non-ideal extinction ratio (0<%<1)
is more complex than the case of an ideal extinction ratio. In the analysis assuming
perfect extinction in the signals, 0's are represented by the complete absence of
light, which means that no beating will occur if either the signal or crosstalk has
a symbol 0. In practice, the transmitted signals have generally a �nite extinction
ratio where a symbol 0 contains an amount of energy, say %Ps. In that case, all
combinations of symbols will result in a beating component. Taking the e�ect
of a �nite extinction ratio into account in the computation leads to the following
expressions for the moment generating function of the binary symbol 1, M1

yN
(s),

and the binary symbol 0, M0
yN
(s),

M1
yN
(s) =

NX
�=0

p(�;N)I0(2sPs
√
��) I0(2sPs

√
�%(N − �));

M0
yN
(s) =

NX
�=0

p(�;N)I0(2sPs
√
�%�) I0(2sPs

√
�%(N − �)):

(2.41)

For simplicity the second-order crosstalk contribution, i.e. crosstalk-crosstalk beat,
is not included in Equation (2.41) because of the negligible low crosstalk power.
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2.7.4 Error Probability of Approximation and Bound

The computation method using the saddlepoint approximation leads to an average
error probability as described by Equation (2.24). Replacing the phase function
 0;1(s0;1) with the moment generating function of the signal and the thermal noise
according to Equation (2.20), gives

Pe;SPA =
1

2
√
2�

 
exp [s0D]M

0
y;N(s0)Mth(s0)

s0
p
 ′′
0 (s0)

+
exp [s1D]M

1
y;N(s1)Mth(s1)

s1
p
 ′′
1 (s1)

!
for s0 > 0; s1 < 0;

(2.42)

where D is the level of the decision threshold. The MGF for a binary symbol 1,
M1
y;N(s), and for a binary symbol 0, M0

y;N(s), are given by Equation (2.41). The
MGF for the Gaussian thermal noise, Mth(s), are presented by Equation (2.38).
The average error probability of the modi�ed Cherno� bound is given by Equation
(2.29). Inserting the MGF of signal and thermal noise, the upper bound of the
error probability can be written as

Pe;MCB ≤ 1

2
√
2��n

�
Mth(s0)

s0
M0
y;N(s0) exp [s0D]

+
Mth(s1)

s1
M1
y;N(s1) exp [s1D]

�
;

(2.43)

where s0>0, s1<0. The upper bound of Equation (2.43) may be minimized with
respect to the s-values, yielding the tightest form of bound. This can be done by
selecting s appropriately, either as a common sopt or separately s0; s1. The former
has an advantage over the latter in terms of the computational complexity. Since
only one optimized variable is used, the �nal expression of the error probability
will look much simpler than that of two separately optimized variables. However,
the price to be paid is an decreased tightness of the bound.

2.7.5 Comparison between Approximation and Bound

Although both methods are based on the moment generating function, they di�er
very much in the �nal expression for the error probability. We can observe in
Equations (2.42) and (2.43) that the formulation in the modi�ed Cherno� bound
is more compact than the formulation of the saddlepoint approximation since the
former gives only the bound, in which the real values should lie. The saddlepoint
approximation involves the second derivatives in its formulation, causing this ap-
proximation more computationally exhaustive than the modi�ed Cherno� bound.
Figure 2.7 presents the degree of complexity of both methods which is represented
by the number of computational steps required to obtain 10−9 error probability.
Similar plots can also be obtained when computation time is used as a measure.
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Figure 2.7: Required number of computational steps for the saddlepoint approx-
imation SPA (�) and for the modi�ed Cherno� bound MCB (3) to
perform 10−9 error probability.

The results are normalized to the number of computational steps that is needed by
the saddlepoint approximation to analyze the impact of a single crosstalk source on
system performance. For a small number of interferers N , the modi�ed Cherno�
bound needs considerably fewer operation steps than the saddlepoint approxima-
tion. The di�erence becomes smaller when large values of N (≥100) are used.
This small di�erence is due to the fact that most of the computational steps are
needed to construct the symbol-conditioned MGF for N crosstalk terms.

2.8 System Performance

Having formulated the error probabilities of three di�erent methods, we now can
study the impact of in-band crosstalk on system performance of an optical signal.
Performance predictions as a function of relative crosstalk power per source using
the Gaussian approximation, the modi�ed Cherno� bound, and the saddlepoint
approximation are summarized in Figure 2.8 for a single crosstalk (�) and eight
crosstalk sources (◦). A perfect extinction ratio for the crosstalk and the signal is
used in the method. As a starting point, it is assumed that the receiver sensitivity
in the absence of crosstalk corresponds to a BER of 10−9, giving the average
input power Ps=−27 dBm. The electrical bandwidth and bitrate ratio is set to
Be=rb=0:7, and the thermal noise spectral density Ith=5:5 pA=

√
Hz. After optical
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Figure 2.8: Error probability versus versus relative crosstalk power per chan-
nel, obtained using the Gaussian approximation GA (dot-dashed),
the modi�ed Cherno� bound MCB (dashed), and the saddlepoint
approximation SPA (solid).

crosstalk is mixed with a desired signal, we calculate the BER value for that input
power. In this way, we are able to analyze the level of degradation caused by
the interferometric e�ect of in-band crosstalk as a function of crosstalk power and
the number of crosstalk sources. Figure 2.8 presents that the result predicted by
the modi�ed Cherno� bound is very close to that predicted by the saddlepoint
approximation. In contrast to these two methods, the Gaussian approximation
shows anomalous behavior for a single crosstalk source. This method predicts
pessimistically the tolerable crosstalk by as much as 4 dB for moderate BER values.
This overestimation is caused by the unbounded tails of the error probability.
However, for eight crosstalk sources, the estimated values of GA is almost the
same as that obtained using the modi�ed Cherno� bound and the saddlepoint
approximation. This can be explained by the fact that the PDF will be gradually
transformed from an arc-sine function to a form that is similar to the Gaussian
one.

Crosstalk-induced performance degradation can also be presented more conve-
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Figure 2.9: Power penalty curves (@ BER=10−9) obtained using the Gaussian
approximation GA (dot-dashed), the modi�ed Cherno� bound MCB
(dashed), and the saddlepoint approximation SPA (solid).

niently by its power penalty. Since a power penalty is directly linked to a speci�ed
BER value, it is a convenient tool to quantify how many decibels the signal power
should be increased to maintain the same level of performance. Figure 2.9 shows
the power penalty curves against the relative crosstalk power per source for a single
(�) and eight crosstalk sources (◦). The penalties were referred to BER=10−9.
In Figure 2.9, the power penalty computed by the modi�ed Cherno� bound is
in general slightly larger than the saddlepoint approximation, except for lower
crosstalk powers (�≤−25 dB). The discrepancy becomes more visible when larger
crosstalk powers are involved. The terms of the second derivatives in the SPA
phase function of Equation (2.33) start to play an important role as the crosstalk
power per source increases.

If we insist on a performance degradation not larger than 1 dB, then, based on
the Gaussian approximation, the level of optical crosstalk should not exceed −28
dB and −38 dB for respectively one and eight crosstalk sources. The modi�ed
Cherno� bound and the saddlepoint approximation are not so pessimistic as the
Gaussian approximation. They forecast much more tolerable crosstalk require-
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ments for 1-dB penalty, approximately −23 dB and −35 dB.
It is evident from Figure 2.8 and Figure 2.9 that the Gaussian approximation

shows inadequacies in predicting the BER values and therefore the power penal-
ties. The prediction of the Gaussian approximation di�ers very much from that
of the other two computational methods. However, it is not so obvious that the
inherent inaccuracy in the Gaussian approximation leads to a false tendency in the
penalty curves when the number of crosstalk terms in an optical network grows.
For this reason, we take a closer look at the prediction behavior of the Gaussian
approximation compared to the saddlepoint approximation. We let the number of
crosstalk sources grow, but at the same time the total crosstalk power relative to
the signal power is kept constant. This means that the crosstalk power per source
should be decreased for an increased number of crosstalk sources. The performance
prediction a�ected by one source (�) and twelve (◦) sources is presented in Figure
2.10 for the Gaussian approximation (dot-dashed) and the saddlepoint approxima-
tion (dashed). A plot of results obtained by CLT (solid) is also included in Figure
2.10. The Gaussian approximation predicts that the network may tolerate more
total crosstalk power when the crosstalk is distributed over more terms. However,
a limit is approached as the number of crosstalk sources becomes in�nitely large.
In other words, as can be seen in Figure 2.10, the Gaussian approximation ap-
proaches the central limit theorem (CLT) from a less crosstalk tolerable region to
a more tolerable one. This is in contrast with the results predicted by the saddle-
point approximation, which state that given the same amount of total crosstalk
power the network becomes more susceptible to crosstalk as the number of inter-
ferers increases. Experimental data (e.g. [36]) have con�rmed the �ndings of the
saddlepoint approximation. These results again underline the de�ciency of the
Gaussian approximation for studying in-band crosstalk. Nevertheless, it should
be noted that the Gaussian approximation does have regions of validity [35{37]
and the advantage of simplicity.

As a last comparison between the methods using statistics and moment gen-
erating functions, we included the energy distribution among the binary symbols.
Up to this point, it was assumed that the binary 0's represent a complete absence
of light and the optical power is concentrated in the binary 1's only, i.e. an ideal
extinction ratio. With inclusion of a non-ideal extinction ratio (%=P0=P1) in the
analysis, the penalty curves in Figure 2.11 show a completely di�erent behavior
for the Gaussian approximation (dashed) and for the saddlepoint approximation
(solid). For low crosstalk values, both methods show a very good agreement. The
power penalties, even for low-level crosstalk are unacceptably high (≥2 dB) when
the extinction ratio is more than 0.2. This is due to the closure of the eye diagram
of the transmitted signals. For high crosstalk levels, the Gaussian approximation
indicates the existence of limits of tolerable crosstalk, up to −21 dB, which depend
on the extinction ratio. This dependence is however very small, i.e. less than 2
dB, when the extinction ratio degrades from an ideal one (�) to 0.2 (�). Unlike
the Gaussian approximation, the saddlepoint approximation does not show the
occurrence of the %-dependent limits to tolerable. The saddlepoint approximation
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Figure 2.10: Power penalty curves (@ BER=10−9) obtained using the Gaussian
approximation GA (dot-dashed) and the saddlepoint approxima-
tion SPA (dashed) for one (�) and twelve (◦) crosstalk sources
with constant total crosstalk power. The central limit theorem
CLT (�) is used as the reference.

only shows a tolerable limit of a single crosstalk of around −13 dB. This crosstalk
limit does not depend on the extinction ratio. These �ndings were also con�rmed
by [43, 60]. We believe that the %-dependence has more to do with inherent inac-
curacies of the Gaussian approximation rather than any statistical information of
optical crosstalk.

2.9 Conclusions

Comparative assessments between methods for evaluating the impact of in-band
crosstalk on the system transmission performance have been presented. Various
crosstalk assessment methods found in literature are listed, of which three methods
are highlighted in terms of their complexity, accuracy, and region of applications.
The Gaussian approximation has the simplest formulation and therefore requires
the least number of computational steps, followed by the modi�ed Cherno� bound
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Figure 2.11: Power penalty curves (@ BER=10−9) obtained using the Gaussian
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and the saddlepoint approximation. The last two methods use of moment gener-
ating functions as their input variables.

We have stressed that while in many cases the Gaussian approximation is a
useful tool, the probability density function of in-band crosstalk is far from Gaus-
sian and therefore considerable care is necessary. The methods based on moment
generating function are found to be complex but predict a right trend of the
performance degradation. Both the saddlepoint approximation and the modi�ed
Cherno� bound have a similar formulation. The former has an extra complexity
because it requires a second derivative of the moment generating function. Since a
computation method with the second derivative is found to be more accurate than
without, the saddlepoint approximation will be much closer to the real values than
the modi�ed Cherno� bound. Nevertheless, the modi�ed Cherno� bound outper-
forms the saddlepoint approximation by its compact formulation. The bound can
be considered as a safe estimation method for the error probability.

The simple formulation of the modi�ed Cherno� bound becomes more complex
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with the increasing tightness of the bound. When the tightest form of the bound
is considered, the advantage of the simplicity of the modi�ed Cherno� bound
over the saddlepoint approximation is diminished since both s-values should be
optimized. Another point we wish to emphasize is that a safe estimator, such
as the modi�ed Cherno� bound, can cause the crosstalk requirement on optical
devices in an optical network to be more stringent than is normally necessary.

Comparative assessments between theory and experiment will be presented in
the next chapter in which the inuence of ampli�er noise is also considered.



Chapter 3

Crosstalk in Optically

Pre-Ampli�ed Systems

Optical receivers used in multi-wavelength optical networks are often preceded by
an optical ampli�er for the increase of receiver sensitivity, and thereby extending
the transmission reach. However, the destructive e�ects of in-band crosstalk as
a result of leaking signals in a switching node are intensi�ed by the presence of
residual ampli�ed spontaneous emission noise in the optical ampli�ers. Transmis-
sion links using direct and external modulation light sources are investigated and
the results show that optical pre-ampli�cation indeed increases the receiver sensi-
tivity but unfortunately at the expense of the network's tolerance towards in-band
crosstalk. The work described in this chapter has been published in [63, 64].

3.1 Introduction

Optical transmission employs optical ampli�cation to compensate for �ber and
splitting losses in the optical nodes. The optical ampli�cation is accompanied by
a background noise that is caused by ampli�ed spontaneous emission (ASE) noise.
Since each optical node will amplify the incoming WDM signals before processing
and coupling them back into �ber, the deteriorating e�ect of optical crosstalk will
be inevitably enhanced by the cumulative behavior of the ampli�er's ASE noise.
This is illustrated in Figure 3.1 illustrates the occurrence of the ASE noise in
WDM networks. ASE noise has a broadband spectrum. Each optically ampli�ed
WDM signal is deteriorated by a fraction of ASE power because the signal and
noise occupy the same frequency band. An optical �lter, which is located in the
front of an optical receiver, selects a desired channel, i.e. �2 and �lters the ASE
noise power spectrum. So, only the ASE spectrum that passes through the �lter
is detected by the receiver. The received optical signal may have optical crosstalk
as a result of the non-ideal performance of the optical nodes along transmission.
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Figure 3.1: Multi-wavelength transmission using switching nodes. At the
transmitter-end (Tx), WDM signals are sent into optical �ber. Op-
tical ampli�ers (OAs) amplify the signals before and after optical
switching. At the receiver-end (Rx), a wavelength channel (�2) is
terminated.

Both crosstalk and ASE noise will a�ect the receiver performance since they fall
inside the detection bandwidth.

The crosstalk analysis presented in chapter 2 has focused on the performance
evaluation of an optical receiver without taking into account the e�ect of ASE
noise. In essence, two theoretical approaches have been considered in evaluating
optical crosstalk: the simple Gaussian statistics to describe low-level penalties
caused by a few number of interferers or penalties caused by a large number
of interferers, and the more rigorous arc-sine statistics in combination with the
moment generating functions. The Gaussian statistics, which converge to the
central limit theorem, were shown in Chapter 2 to lead to overly pessimistic results,
whereas the arc-sine statistics in all cases produce more optimistic ones.

In this chapter, we report a theoretical analysis, substantiated with experi-
ments, of the e�ects of ASE noise in an optical ampli�cation system, which is
disturbed by optical crosstalk. We found that optical ampli�cation increases the
receiver sensitivity but it does not improve the receiver's tolerance towards in-band
crosstalk. The results also show that optical pre-ampli�cation, regardless of light
source modulation, introduces additional crosstalk penalties due to the combined
e�ect of the signal-crosstalk-ASE noise.
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3.2 All-Optical Ampli�ers

To perform optical transmission over long distance, ampli�cation of the multi-
channel signals is necessary due to the �ber attenuation. In short-distance commu-
nication networks, optical ampli�ers are mainly required for compensating splitting
losses in local optical nodes.

The history of all-optical signal ampli�cation starts in 1987 when an optical
ampli�er was invented [65]. Up to the end of the 1980s, signal ampli�cation took
place primarily in the electrical domain. The data signals are converted by a
photodetector from the optical to the electrical domain. Subsequently, a low-
noise electrical ampli�er ampli�es the photocurrent to match the dynamic range
of a transmitting laser. At the end of the ampli�cation, the electrical signal is
transformed back into the optical domain by the transmitting laser. This form of
signal ampli�cation is called optical-electrical-optical (OEO) ampli�cation. The
OEO ampli�cation has the major drawback that the ampli�cation is performed by
electronic devices rather than optical devices. As a consequence, the bandwidth
of data that can be put in optical �bers is strongly limited by the bandwidth of
the electronics involved in the ampli�cation.

A major breakthrough came in 1987 when the �rst all-optical signal ampli�-
cation was successfully demonstrated by using a �ber-based optical ampli�er [65].
The main part of the �ber ampli�er is formed by a piece of an optical �ber whose
core is doped with rare-earth materials. The type and composition of these ma-
terials can determine the ampli�ed passband. The usable passband in the stan-
dard �ber can be divided in �ve equal wavelength-bands in the low-loss window:
S+-band (1450−1490 nm), S-band (1490−1530 nm), C-band (1530−1570 nm),
L-band (1570−1610 nm), and L+-band (1610−1650 nm). Figure 3.2 presents an
overview of the broadband �ber ampli�ers with the materials used to cover speci�c
wavelength-bands.

Compared to an OEO ampli�er, which can amplify only one channel, an all-
optical ampli�er o�ers a signi�cant reduction in cost as well as in volume because
of its broad operational bandwidth. A single all-optical ampli�er can amplify all
WDM channels simultaneously, given that those channels are located in the gain
bandwidth of the optical ampli�er. For each ampli�cation stage, only one optical
ampli�er is necessary to boost the power of WDM channels instead of a number
of voluminous and often very expensive OEO ampli�ers.

A silica-based Er3+-doped �ber ampli�er (S-EDFA) is the most commercially
exploited ampli�er nowadays. The device is used for ampli�cation in the C-band.
When telluride glass is used instead of silica glass, the passband of the S-EDFA
can be shifted to longer wavelengths (1570−1610 nm) of the telluride-based EDFA
(T-EDFA). Recently, it has been reported in [66] that an enhanced bandwidth of
approximately 90 nm can be achieved by combining the S-EDFA and T-EDFA.
However, this multi-stage EDFA technique requires such a signi�cant amount of
gain equalization to suppress large gain non-uniformity that the net gain decreases
substantially. Fluoride glass can produce a naturally atter gain spectrum com-



46 Crosstalk in Optically Pre-Ampli�ed Systems

S+-band S-band C-band L-band L+-band

1450 1500 1550 1600 1650

Silica Fiber Window
(Loss 0.25 dB/km)

F-EDFA

nm

1530 1560

S-EDFA

1530 1570

1520 1610

S/T-EDFA+Gain Equalizing Filter

T-EDFA

1610

TDFA

1450 1485

1300

PDFA

1280 1310

...

TDFA-Tb

1630 1670

Raman Amplifier

1280 1670
...

1500 1650

Figure 3.2: Overview of broadband �ber ampli�ers. S-EDFA: silica-based
erbium-doped �ber ampli�er, T-EDFA: telluride-based EDFA, F-
EDFA: uoride-based EDFA, PDFA: praseodymium-doped uo-
ride �ber ampli�er, TDFA: thulium-doped uoride �ber ampli�er,
TDFA-TB: TDFA with terbium ions co-doping.

pared to silica glass. In [67], it is reported that uoride-based EDFA, i.e. (F-
EDFA), exhibits a at gain for wavelengths from of 1530−1560 nm. A disadvan-
tage of using a F-EDFA is that the performance of the ampli�ed signal su�ers from
relatively high noise �gures. Furthermore, the uoride glass is a brittle material,
which makes it diÆcult to process with standard optical �bers.

E�orts on optical ampli�ers for the 1300-nm zero and low-dispersion window
have been focused on a praseodymium-doped uoride �ber ampli�er (PDFA) since
its stimulated transition energy is contained in the 1300-nm energy bands. A gain-
equalized InF3-based PDFA can achieve 28-dB gain and less than 7.5 dB noise
�gure with a slight gain excursion of 1 dB over a wide band of as much as 30 nm
from 1280 to 1310 nm [68].

In addition to the �ber ampli�ers that utilize a doped �ber of several meters
as gain medium, a semiconductor optical ampli�er (SOA) uses a millimeter-long
semiconductor material as its gain medium, hence it is a very compact device.
Basically, a SOA is an optical laser without a resonator. The exclusion of a res-
onator makes a SOA less wavelength-dependent, and therefore a SOA can amplify
an optical signal of a broad wavelength range (1200−1700 nm). To suppress fur-
ther the wavelength dependence of the ampli�er gain spectrum, a combination
of anti-reection coatings on its (buried) facets and a tilted-stripe structure is
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Type of Ampli�er SOA EDFA

Wavelengths ∼ 1200 − 1700 nm ∼ 1530 − 1610 nm

Pumping Source Electrical (∼ 100 mA) Optical (∼ 20 − 50 mW)

Net Gain ∼ 10 − 15 dB ∼ 20− 40 dB

Noise Figure ∼ 6 − 9 dB ∼ 3− 5 dB

Operation Condition Unsaturated Saturated

Size ∼ 500 �m ∼ 10 m

Compactness Small and Integrated Rack-mounted

Carrier Lifetime ∼ 100 − 200 ps ∼ 5 − 10 ms

Modulation Format Constant Input Power All Formats

Preferable Non-linear (�-conversion, Linear (booster,

Application switching, reshaping) in-line, pre-amp)

Price Competitive Cost High-end Pricing

Table 3.1: Major characteristics of semiconductor and �ber ampli�ers.

applied.

The optical gain in a SOA is initiated by an electrical current that is injected
directly into the active layer. Therefore, a SOA can provide an optical signal
with gain in time scales which are on the order of a few nanoseconds. This fast
gain switching is in contrast with a �ber ampli�er. The gain switching of a �ber
ampli�er is in the order of milliseconds. A �ber ampli�er requires an optical pump
power of several milliwatts before it can amplify an optical signal.

Apart from the advantage of the fast gain switching, employing SOAs will re-
duce the complexity of an optical ampli�er module and integration with optical
cross-connects and add/drop multiplexers on a small photonic chip can be per-
formed. The price of a SOA can be reduced substantially since the SOAs can be
made using the established DFB laser technology. A �ber-based ampli�er needs
an expensive high-pump laser source to generate optical gain in specially doped
�bers. It is therefore that the price of a �ber ampli�er is higher than a semicon-
ductor ampli�er. Other important characteristics of the SOA compared to EDFAs
are listed in Table 3.1.

With regard to the optical gain, a major disadvantage of the SOA compared to
the EDFA is the short excited state lifetime that is in the order of a few hundreds
of picoseconds. This short lifetime can lead to strong crosstalk between WDM
channels, especially when the device is operated under saturation [69, 70]. If the
lifetime is too short compared to the rate of uctuations of power in the input
channels, then the gain will respond to these uctuations, which occur on time
scales comparable to the bit periods. As a consequence, the optical gain for a
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particular wavelength channel depends on the presence of other channels. Since
the carrier lifetime of the EDFA is on the order of 10 ms, the gain is not able to
follow the power uctuations. The EDFA will therefore provide all the channels
with an average constant gain as long as the modulation rates are not in the order
of a few kHz, which is not usually the case in optical communications. For that
reason, the EDFA is more suited for the ampli�cation of WDM signals than the
SOA.

The short carrier lifetime of the SOA can be utilized to perform non-linear op-
tical processing, such as wavelength conversion [71, 72], optical gating/switching
[73], optical ip-op [74], and signal regeneration [75]. Those are the main appli-
cations of SOAs. But recently, it was shown in [70, 76{78] that with special care
SOAs can perform very closely to EDFAs. In [76], a WDM transmission exper-
iment of 4×10 Gbit/s over 80 km in the 1310-nm window using three cascaded
SOAs was demonstrated. In the EDFA's wavelength window, the feasibility of
nine cascaded SOAs was reported for transmission 8×10 Gbit/s over 24 km in the
1565-nm window [70]. In those two experiments, the SOAs were driven very lightly
into saturation to largely avoid the gain crosstalk. The gain crosstalk can also be
suppressed either by using polarization multiplexing technique to keep total input
power of the SOA constant [77] or by an appropriate setting of the receiver decision
threshold in combination with the use of an unmodulated reservoir channel [78].
It was also shown in [78] that by transmitting a large number of channels (e.g. 32
channels) the statistics of the channels in a deeply saturated SOA will reduce the
e�ect of the gain crosstalk.

Another type of �ber-based optical ampli�ers that has received renewed interest
in recent years is the Raman ampli�er. The reason for that is largely motivated
by the price reduction in high-power semiconductor pump-lasers. This renewed
interest has resulted in better Raman ampli�ers with high gain, improved noise
performance, and wide operation bandwidth. In contrast to EDFAs, which rely
on doping of a single mode �ber to achieve optical gain, a Raman ampli�er does
not use the rare-earth doped �ber. The transmission �ber itself functions as the
gain medium for a Raman ampli�er. As a result, the gain is distributed along
the �ber, and therefore it is not necessary to couple high-power data signals into
the transmission �ber. This can be advantageous in suppressing the e�ect of non-
linearity in the optical �bers, such as four-wave mixing, cross-phase modulation,
and self-phase modulation. These non-linear e�ects, in general, are initiated by
high optical input powers. In addition, the Raman ampli�cation has a response
time in the order of a few femtoseconds as compared to milliseconds for the EDFA,
so that the ampli�er is more transparent to pump power uctuations and pump
mediated signal crosstalk.

High-power pumps of a few Watts are required to obtain a reasonable gain
because the Raman pump power eÆciency in gain per milliwatt is typically very
small. For comparison, the eÆciency of a Raman ampli�er is approximately 0:06
dB/mW whereas an EDFA can have an eÆciency of a few dB/mW. Since the
Raman gain only depends on the di�erence in frequency between the signals and
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Figure 3.3: Optically pre-ampli�ed receiver model. T=bittime, G=optical gain,
F=noise �gure, Bo=optical bandwidth, Be=electrical bandwidth,
D=decision threshold.

pumps (�fmax=13 THz), a Raman ampli�er can be used in any wavelength win-
dow, provided that the corresponding pump wavelength is available. So, optical
ampli�cation at 1310 nm is reached by pumping at 1240 nm and a pump at 1450
nm will give a Raman induced gain at 1550 nm. A Raman ampli�er does not
impose pattern e�ects on high-speed signals owing the ultra long lifetime of silica
glass. A successful transmission of a 32×10 Gbit/s WDM system over 250 km of
standard single-mode �ber was demonstrated using a Raman ampli�er, which was
pumped with 1 Watt at 1455 nm [79].

In this chapter, we will not restrict ourselves to either �ber or semiconduc-
tor optical ampli�ers, but we will use instead a general ampli�cation model that
can be applied to both groups of optical ampli�ers. An optical ampli�er will be
characterized only by its optical gain and noise �gure. Moreover, it is assumed
that the carrier lifetime in an optical ampli�er is suÆciently long to accommodate
all WDM channels with an optical gain. Furthermore, we will focus on a basic
interference model, i.e. only a single crosstalk interferer disturbs a desired signal.

3.3 Optically Pre-ampli�ed Receiver

The optical receiver, which is analyzed in this chapter, has a standard con�guration
for the detection of ampli�ed signals. A schematic of the receiver is shown in Figure
3.3. A stream of squared pulses of signal bs(t) of power Ps and crosstalk bx(t); Px
at rate rb=1=T , T being the bit period arrive at the optical pre-ampli�er. The
pre-ampli�er is modeled as a linear optical �eld ampli�er with an optical gain G, a
noise �gure F (considered as twice the spontaneous emission parameter nsp), and
it gives additive white Gaussian noise N(t) representing ASE noise. The ampli�er
is followed by an optical �lter ho(t) of bandwidth Bo. Note that if no �lter is used,
then Bo is the bandwidth of the ampli�er.

A p-i-n photodiode with the quantum eÆciency � is followed by a post-detection
electrical �lter with the impulse response hR that shapes the signal. A sampling
circuit samples this signal and subsequently a decision is made whether a mark
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(binary symbol 1) or a space (binary symbol 0) is received. Decision variables in the
decision circuit will be represented by moment generating functions that account
for the optical signal, crosstalk, ASE noise, and additive Gaussian thermal noise.
The error probability is calculated using the saddlepoint approximation.

3.4 Moment Generating Function

The band-pass �ltered optical �eld at the output of the optical �lter is given by

EA(t) = [
√
G (S(t) +X(t)| {z }

Y (t)

) +N(t) ] ? ho(t); (3.1)

where S(t)=
p
bs(t)Ps cos (2�ft+ �s(t)) andX(t)=

p
bx(t)Px cos (2�ft+�x(t)) are

the desired signal and the crosstalk, respectively. N(t) is the ASE noise �eld. The
binary symbols are represented by bs;x(t)∈{%; 1}, (0≤%< 1) and the optical phases
by �s;x(t). The sign ? denotes a convolution operation. For further analysis, we will
look speci�cally to the inuence of ASE noise within a single bittime. Therefore,
we assume that the optical signals are con�ned in the bit interval and that the
impulse response ho(t) of a perfect rectangular optical bandpass �lter is limited
to the same time interval. This assumption implies the absence of intersymbol
interference in the signal and crosstalk and only ASE noise is band-limited by
Bo [56]. The average ASE noise power, corresponding to N(t), is given by [80]

PN = Noh�Bo; (3.2)

where No=nsp(G−1) represents the number of ASE photoelectrons generated in
the bit interval T , and h� the photon energy. With complete population inversion
(an ideal ampli�er), nsp=1. Thus, the best-case noise �gure F is 3 dB.

The photo-electron intensity is proportional to the square of the optical �eld
falling upon the detector. For an ideal detector (�=1), the photoelectron intensity
is given by [54]

X� =

Z T

0

� |EA(t)|2 dt =
Z T

0

���√GY (t) +N(t)
���2 dt: (3.3)

By using an integrate-and-dump post-detection �lter, the general form of the mo-
ment generating function of X�, M�(s)=E{exp[s�]}, can be found in [54]

M�(s) =
1

(1−Nos)
BoT

M�0

�
s

1−Nos

�
; (3.4)

whereM�0(s) is the moment generating function of ampli�ed signal-crosstalk beat
noise in absence of ASE noise. The random variable X�0 is given by,

X�0 =

Z T

0

���√G [S(t) +X(t)]
���2 dt: (3.5)
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For convenience in the derivation, we assume that the signal bit bs(t) and the
crosstalk bit bx(t) are perfectly aligned and that their polarization states are
matched. Hence, the random variable X�0 for rectangular pulses can be writ-
ten as

X�0 = mG(bs + �bx) + 2mG
p
bsbx�

Z T

0

cos (��(t)) dt; (3.6)

where m=PsT=(h�) is the average number of photoelectrons occurring in the time
interval T and �=Px=Ps is the crosstalk power relative to the signal power. The
signal-crosstalk phase di�erence ��(t)=�s(t)−�x(t) is assumed to be constant,
��, at least within the bittime T , and �� is uniformly distributed in the interval
between 0 and 2�. With these assumptions, the moment generating function of
the random variable X�0 , thus M�0(s)=E{exp [s�0]}, is given by

M1
�0(s) = exp [smG(1 + �)] I0

�
2smG

√
�
�
; (3.7)

where I0(:) is the modi�ed Bessel function of the �rst kind and order zero. Note
that the time-dependent signal and crosstalk in Equation (3.7) are square pulses
of a perfect extinction ratio, i.e. %=0. To include the e�ects of non-ideal signal
extinction, we should take into account the beat term when the signal and crosstalk
consist of the binary symbol 0's. Hence, Equation (3.7) becomes

M1
�0(s) = exp [smG(2 + �(1 + %))] I0

�
2smG

√
�
�
I0 (2smG

√
�%) ;

M0
�0(s) = exp [smG(2%+ �(1 + %))] I0 (2smG

√
�%) I0

�
2smG%

√
�
�
;

(3.8)

where Mq
�0
(s) is the moment generating function of the decision variable for the

binary q∈{0; 1}.
In addition to the photo-electron due to the incident optical power, the receiver

itself produces thermal noise which we assume to be Gaussian distributed. The
additive Gaussian noise at the input to the decision circuit is signal independent
and is therefore modeled as a random variable of which MGF and variance are
given by (2.38),

Mth(s) = exp

�
s2�2th
2

�
and

�2th =
Nth

rbq2e

Z ∞

−∞
|HR(f)|2 df:

(3.9)

The frequency f is normalized to the signal rate rb and HR(f) is the Fourier
transform of hR(t) while qe is the electron charge. Nth is the thermal noise spectral
density, which is often modeled by Ith in pA=

√
Hz. So, the Gaussian noise variance

in Equation (3.9) can be simpli�ed to �2th = I2thBe with Be being the equivalent
�lter bandwidth. In the analysis, the Gaussian noise current density Ith will be
chosen to give a back-to-back sensitivity of −32.5 dBm (Pe=10

−9), which is typical
for rb = 622 Mbit/s.
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At this point, X� is the random variable that represents the photocurrent due
to the �ltered signal, crosstalk, and noise originating from the optical (pre)ampli�er.
Xth is the random variable that represents thermal noise generated in the electrical
receiver circuit. Letting the random variable XZ represent the signal at the input
of the decision circuit, XZ is obtained by a sum of the random variables X� and
Xth. The moment generating function MZ for 1's and 0's can be written as

Mq
Z(s) =M q

�(s)Mth(s) for q ∈ {0; 1}: (3.10)

Having obtained the moment generating function MZ(s), an expression for the
error probability using the saddlepoint approximation can be constructed. In the
following, a brief description of the saddlepoint approximation is presented. A
more detailed description can be found in section 2.7.1.

3.5 Error Probability

Estimates of the error probability Pe in an optical system employing optical am-
pli�cation can be computed by the saddlepoint approximation (SPA) [45]. The
error at the decision circuit can be expressed by

Pe = p0Pe0 + p1Pe1 (3.11)

where pq, q∈{0; 1} is a priori probability for marks and spaces taken to be a half.
The conditional error probabilities, P 0

e and P 1
e , are given by (2.22) and (2.23)

P qe ≈ exp [ q(sq)]q
2� ′′

q (sq)
for q ∈ {0; 1}; (3.12)

where the functions  0(s0) and  1(s1) in (3.12) are de�ned as

exp [ q(sq)] = (−1)qM
q
Z(sq)

sq
exp (−sqD) for q ∈ {0; 1}; (3.13)

in which s0 > 0; s1 < 0 are the saddlepoints that are found by setting the second
derivative of  0(s) and  1(s) equal to zero. The optimum threshold for the SPA
is given by the solution of the following equation

@P qe
@D

= 0 for q ∈ {0; 1}: (3.14)

Making s=s0=−s1 and performing the derivation in (3.14) results in the following
optimum value for the decision threshold

Dopt =
1

2s
ln

�
M0
Z(s)

M1
Z(−s)

�
: (3.15)
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Figure 3.4: Experimental setup for evaluating the e�ect of crosstalk and ASE
noise on a desired signal using a light source of (a) direct and (b)
external modulation.

By using the optimum threshold Dopt, one can obtain an approximation of the
error probability or the bit error rate for an equal probable p0 = p1 =

1
2 ,

Pe =
Mth(s)

2s
√
2�

q
M0

�(s)M
1
�(−s)

"
1p
 ′′
0 (s)

+
1p

 ′′
1 (−s)

#
(3.16)

3.6 Experimental Details

The experimental setup to verify the theory described above is schematically given
in Figure 3.4. At the transmitter side, two light sources modulation schemes are
used, namely direct modulation (a) and external modulation (b). In Figure 3.4(a)
a single-wavelength distributed feedback (DFB) laser which has a measured CW-
linewidth of 45 MHz is modulated directly in amplitude by an electrical signal of
a nonreturn-to-zero (NRZ) format. The generated pseudorandom binary sequence
(PRBS) has a bitrate of 622 Mbit/s and the sequence is repeated after 27−1
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bits. Using this direct modulation scheme, we obtain optical signals of an average
extinction ratio of 15 dB. In an external modulation scheme shown in Figure 3.4(b),
CW signals coming from the DFB laser are coupled into an external modulator.
The modulator is driven electrically by the same 622 Mbit/s 27−1 NRZ PRBS.
The resulting optical signals have an improved extinction ratio of 20 dB. It should
be noted that because the electrical �lter of the receiver has a strongly non-at
pass-band at low frequencies, a short repetitive binary sequence is used. This
short sequence is chosen to reduce the low-frequency components of the modulated
signals, which are dominantly present in a long sequence of the binary symbol
1's and 0's. A strong attenuation of the low frequency components will exhibit
a baseline variation in the photocurrent. A large variation causes an increased
number of errors in the decision circuit, thereby decreasing system performance.

We observe in the experimental setup that the spectral width of external mod-
ulation is primarily determined by the modulation speed, i.e. 622 MHz. In direct
modulation, the e�ect of chirp causes the optical spectrum wider than the 622-
MHz modulation speed. Measurements of the spectrum for the direct modulated
signals yield values in the range of 1:9−2:4 GHz. After the transmitter, the sig-
nal is split to form a desired signal path and a crosstalk path by an asymmetrical
Mach-Zehnder Interferometer (MZI) structure. One of the MZI arms is 7 km longer
than the other. The length di�erence, which is longer than the coherence length
of the 45-MHz laser, is introduced to decorrelate in phase and in bitstreams of the
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 attenuator is
placed after the MZI structure to vary optical signal powers that are received by
an optical detector for bit error rate (BER) and power penalty evaluations. An
EDFA, followed by a 1.8-nm bandwidth optical band-pass �lter (BPF), is used
to pre-amplify the signal and to avoid excessive ASE noise before detection. The
receiver consists of an InGaAsP p-i-n photodiode that is followed by a GaAs low-
noise ampli�er for boosting the photocurrent above the Gaussian thermal noise.
The total receiver circuit has an electrical bandwidth of 1.8 GHz. This bandwidth
is large enough to ensure that all beating terms between signal, crosstalk, and
ASE noise at 622-Mbit/s bitrate are detected. Power penalty measurements are
performed using an optimized decision threshold of the AC-coupled receiver. The
power penalty is measured by taking the receiver sensitivity that corresponds to
a measured BER value of 10−9. For obtaining power penalty curves, we used the
receiver sensitivity of the setup in the absence of crosstalk as the reference.

3.7 Results and Discussions

It was shown in chapter 2 that the probability density function (PDF) of the
received photocurrent in the presence of optical crosstalk is known to be an arcsine
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Figure 3.5: Measured probability density function of the received photocurrent
without (a) and with (b) optical pre-ampli�cation. Crosstalk is −20
dB, bitrate 622 Mbit/s, optical bandwidth 1.8 nm, and electrical
bandwidth 15 GHz.

function. This function has a U-shape where a maximum is present at the upper
and lower boundary. Figure 3.5 presents plots of PDFs of signal-crosstalk beat
noise without and with optical pre-ampli�cation. A 1.8-nm optical �lter located
before the detector determines optical bandwidth. The plots are made using an
optical-to-electrical converter of 15 GHz bandwidth and an optical oscilloscope.
As can be seen in Figure 3.5(a)−(b), the PDF of the photocurrent as a result of
optical pre-ampli�cation is smoothed out due both to the receiver thermal noise
and −20 dB crosstalk value. The small value of crosstalk is intentionally chosen
for reasons of comparison of the optical signals with and without �ltered ASE
noise. Despite of Gaussian thermal noise, the beat noise still shows a U-shape in
its PDF, see Figure 3.5(a). If an optical ampli�er is included and it is followed
by an optical �lter, then the PDF has reverted to a Gaussian-like function. This
reshaping of the PDF is attributed to �ltered noise contributions of the ASE noise,
known to be Gaussian [81].

We have found in chapter 2 that the shift of the signal-crosstalk distribution
from an arc-sine function to a Gaussian function, concentrated around the mean,
has led to pessimistic predictions. In the context of optical pre-ampli�cation, the
system performance of a pre-ampli�ed system will therefore be more susceptible
to optical crosstalk than without pre-ampli�cation.

To study the e�ect of optical pre-ampli�cation, we carry out experimental
observations on the optically pre-ampli�ed system in Figure 3.4 using external
modulation. The measured results are presented in Figure 3.6. In the presence of
an optical pre-ampli�er, the receiver sensitivity is enhanced by 7 dB from −32.5
dBm to −39.5 dBm. The input power of the optically pre-ampli�ed receiver is
measured before the EDFA. This sensitivity enhancement causes an increase of
transmission span of approximately 35 km when a standard �ber with an optical
loss of 0.21 dB/km is used. However, as can be seen in Figure 3.6, the price of the



56 Crosstalk in Optically Pre-Ampli�ed Systems

Received Power [dBm]

lo
g(

B
it

E
rr

or
R

at
e)

-36 -35 -34 -33 -32 -31 -30 -29 -28 -27
-12
-11

-10

-9

-8

-7

-6

-5

-4

-3

Received Power [dBm]

-43 -42 -41 -40 -39 -38 -37 -36 -35 -34

-9

Crosstalk [ dB]
-17.5
-20.0
-22.5
-25.0
-27.5
-30.0

no crosstalk

(a) (b)

Figure 3.6: Measured performance of an optical system (a) without and (b)
with optical pre-ampli�cation for several values of optical crosstalk.
Optical signals are externally modulated.

enhancement in the receiver sensitivity is a degradation in the receiver's tolerance
to optical crosstalk. The slope of the BER curve is tilted slightly by the combined
e�ect of the ASE-signal and the ASE-crosstalk-signal beat terms. For low-level
crosstalk, for instance −25 dB (◦ in Figure 3.6), the sensitivity penalty of the
setup in the absence of optical pre-ampli�cation is approximately 1 dB. By using
optical pre-ampli�cation, the penalty becomes about 2 dB, hence a sensitivity
deterioration of 1 dB. The penalty will be more severe for a larger level of the
crosstalk power. Roughly speaking, the receiver performance of the system using
pre-ampli�cation is more sensitive to crosstalk powers due to the received ASE
noise.

The presented results are obtained from the receiver section that has an elec-
trical bandwidth of 1.8 GHz whereas the signal rate is 622 Mbit/s. In practical
systems, the receiver bandwidth is related to the bitrate used in the system. If a
proper electrical �lter is used, i.e 450 MHz for 622 Mbit/s, then the inuence of
ASE noise can be reduced to less than 2 dB for low-level crosstalk. In addition
to electrical �ltering, a narrower-band optical �lter in front of the receiver can
further reduce the inuence of ASE noise. For the experiment, a 0.8-nm optical
band-pass �lter is available and we observe that the sensitivity penalty for low-
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Figure 3.7: Calculated (solid) and measured (dashed) power penalties of direct
(�) and external (◦) modulation in the presence of optical pre-
ampli�cation.

level crosstalk is reduced to under 1 dB. In general, one can conclude that the
penalty of an optically pre-ampli�ed receiver increases more rapidly than that of
a normal receiver because of the presence of ASE noise.

The experimental and theoretical results of power penalties as a function of
the crosstalk powers relative to the signal power in the setup with optical pre-
amplication are presented in Figure 3.7. The measured extinction ratio at 622-
Mbit/s bitrate is approximately 20 dB for the direct and for the external modula-
tion scheme. Hence, the sensitivity of the optical receiver in the both modulation
scheme is equal. In Figure 3.7 the system employing external modulation incurred
larger power penalties than the system employing direct modulation. This di�er-
ence is attributed to the fact that the spectrum of the directly modulated signals
is broader (due to the continuously varying chirp) than that of the externally
modulated signals. For the direct modulation, the spectrum width is measured
about 2 GHz. The external modulation shows a spectrum width of less than 1
GHz. After post-detection electrical �ltering, a fraction of the power of optical
crosstalk is strongly �ltered out, which limits its destructive e�ects on the desired
signals. We can also observe that the experiment and the theory are in relatively
good agreement: within a discrepancy margin of less than 1 dB for power penalties
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Figure 3.8: Measured power penalties of a direct (�) and an external (◦) mod-
ulation system in the absence (solid) and in the presence (dashed)
of optical pre-ampli�cation.

of less than −22 dB. This small discrepancy is attributed to measurement error
and eventually additional power penalties due to post-detection electrical signal
processing.

Figure 3.8 presents a comparison of measured power penalties of the receiver
in the presence and in the absence of optical pre-ampli�cation. In Figure 3.8, one
can observe that an optical system with optical pre-ampli�cation results in larger
power penalties than that without optical pre-ampli�cation. This holds for both
types of signal modulation. The di�erence in the system performance is caused
by an additional penalty due to the crosstalk-ASE and the signal-ASE beat noise
contributions. The same trend can also be seen from theoretical results for the
crosstalk levels used in the experiment. From our theoretical and experimental
study, we observe that the destructive e�ect of optical crosstalk is increased by
the presence of ASE noise in an optically pre-ampli�ed receiver. Hence, the sys-
tem's tolerance towards optical crosstalk degrades with an increase of crosstalk
levels. However, since optical pre-ampli�cation does enhance the receiver sensi-
tivity, which in turn will increase transmission span, we can exploit this bene�cial
property by employing a narrow-band �lter in front of an optical receiver. In that
way, the amount of ASE noise power can be limited.
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3.8 Conclusions

We have presented a theoretical and an experimental study of the performance of
optically pre-ampli�ed receivers subject to the interferometric e�ect of optical in-
band crosstalk. Optical systems employing directly and externally modulated light
sources are analyzed using the saddlepoint approximation. For this approximation,
moment generating functions of the signal-crosstalk beat noise, thermal noise, ASE
noise are derived. A polarization and wavelength match between the signal and
crosstalk is assumed.

To substantiate the theoretical study, an experimental setup is built for direct
and external modulation. Evaluation on the receiver sensitivity is presented for
both modulation schemes. The sensitivity enhancement of the optical receiver of
external modulation does not di�er very much from that of direct modulation. The
reason for the nearly equal sensitivity is that the signal extinction ratios for both
modulation schemes are better than 15 dB. For external and direct modulation,
we obtained a sensitivity enhancement of approximately 7 dB, i.e. from −32.5
dBm to −39.5 dBm.

In both the calculation and the experiment, we found that optical pre-ampli�-
cation, apart from improving the receiver sensitivity, does not enhance the system's
tolerance towards in-band crosstalk. Moreover, additional power penalties are ob-
served due to the signal-crosstalk-ASE beat noise power. Calculations using the
theory agreed quite well with the experimental data: less than 1 dB error for the
crosstalk powers relative to the signal power of less than −22 dB. Furthermore, an
optical system that modulates a laser source directly with an electrical baseband
signal, is found to be less sensitive to optical crosstalk than that of external mod-
ulation. The time-dependent chirp characteristics of a laser source under direct
modulation are thought to be the reason for the suppression of the destructive
e�ect of in-band crosstalk. Therefore, an optical receiver becomes more tolerant
to optical in-band crosstalk in a direct modulation optical system.





Chapter 4

Crosstalk Mitigation

Techniques

We discuss a crosstalk mitigation or reduction concept in optical networks by in-
troducing phase scrambling in optical signals. The phase scrambling is generated
through an optical phase modulator, driven with a noise source. As a result, a
part of the signal-crosstalk beat power lies outside the electrical bandwidth of an
optical receiver and only the power inside the bandwidth will degrade the receiver
performance. An optical transmission scheme is used to experimentally verify the
performance of this reduction concept. An increased tolerance of 7 dB and 5 dB
toward optical crosstalk is measured in a 2.5-Gbit/s link of 100 and 200 km of
standard single mode �ber respectively. This result indicates the feasibility of opti-
cal networking in the transmission spans of local and metropolitan area networks,
by tolerating the relatively high crosstalk levels of optical switching technology. Our
experiments are in good agreement with theoretical results. Parts of this chapter
are published in [61, 82{86].

4.1 Introduction

With the introduction of con�gurable optical add/drop multiplexers [87] and op-
tical cross-connects [88] in optical nodes to enhance exibility and reliability of
optical networks, system-degrading phenomena such as optical in-band crosstalk
will come into play. When switching between WDM channels of the same nomi-
nal wavelength, optical in-band crosstalk may occur in the optical nodes that will
result in a crosstalk power inside the electrical receiver bandwidth. The impact of
this type of crosstalk has been analyzed theoretically and experimentally in chap-
ter 2 and chapter 3. The analysis has shown that in-band crosstalk forms a major
limiting factor in optical networks. For instance, optical components with opti-
cal crosstalk levels less than −35 dB should be used to prevent power penalties of
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more than 1 dB, even when a small number of crosstalk sources are present, see for
instance Figure 2.9. For cross-connect nodes and add/drop nodes that consist of
bulk optical devices, such crosstalk requirements can readily be met. However, for
optical nodes built with advanced integrated technologies, the crosstalk �gures are
still moderate. The requirement of less than −35 dB crosstalk is diÆcult to satisfy
by these technologies, see e.g. [19, 22, 89, 90]. Particularly in optical pre-ampli�ed
systems where ASE noise is present, the crosstalk requirements for each optical
component in those systems will be much more severe than in systems without
optical pre-ampli�cation. Although improvements in device crosstalk performance
are foreseen (proven the results in [91]), a substantial relaxation of the crosstalk
requirements from individual components in optical networks is necessary to allow
the use of the presently available devices.

An interesting approach has been put forward by Pepeljugoski and Lau [92],
where high-frequency phase modulations are proposed to reduce the e�ect of mul-
tipath optical reections in �ber-optic links. We adopted this approach as a way to
bridge the gap between the stringent crosstalk requirements and the unsatisfactory
achievable crosstalk values with the present integrated technology.

In this chapter, we present a method of reducing the destructive e�ect of op-
tical crosstalk in optical systems. Phase scrambling is one such technique that is
capable of utilizing the �lter bandwidth of an optical receiver. By scrambling the
optical phase of WDM signals, one can shift a large portion of crosstalk power to
a frequency range that is outside the receiver bandwidth. The narrow-bandwidth
�lter will suppress this crosstalk power. As a result, the e�ect of optical crosstalk
on system performance is reduced. First, an overview of crosstalk mitigation tech-
niques is presented. Subsequently, we explain the e�ectiveness of phase scrambling
in mitigating optical crosstalk.

4.2 Crosstalk Mitigation Techniques

Phase scrambling is one of the proposed techniques being developed to mitigate
the detrimental e�ect of optical crosstalk on system performance. In addition to
phase scrambling, other reduction techniques such as dilation, coding and intrabit
modulation have been proposed. These reduction techniques are derived from
the characteristics of optical crosstalk, including amplitude or power, bit pattern,
polarization states, and modulation scheme. Most of the reduction techniques
are not implemented commercially yet and they are still the subjects of ongoing
research because of their speci�c characteristics.

The simplest and the most straightforward approach in reducing the e�ect of
optical crosstalk is to improve the crosstalk suppression at the device level. The
device designers should try to reduce the level of leak signals in each optical device.
For instance, in optical cross-connects or add/drop multiplexers, optical crosstalk
comes largely from the optical space switches that handle simultaneously optical
channels of the same nominal wavelength. Particularly in integrated devices where
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various optical components are assembled together in a very small optical chip,
stray lightwaves could easily be coupled into incorrect optical waveguides. This
causes an increase in crosstalk power in wavelength channels. To reduce crosstalk
powers in an optical cross-connect, the use of spatial dilation for optical switches
is proposed [93]. The drawback of this approach is that the number of optical
components and electrical connections increases signi�cantly.

Another method of reducing optical crosstalk is to use a Manchester-encoding
scheme. It was reported in [67] that crosstalk levels up to −12 dB are tolerable
by using this scheme. This maximum crosstalk level results in a system penalty of
less than 3.2 dB. The disadvantage of the Manchester encoding is that the encoder
needs at least twice the bandwidth of a common nonreturn-to-zero encoder and
that the receiver should be operated in a di�erential mode, which requires a very
complex receiver circuit.

Bit pattern misalignment, which is proposed in [94], can also enhance the
system tolerance towards optical crosstalk at the expense of circuit management.
The crosstalk mitigation is achieved by purposely introducing �ber delays on the
order of bit times between di�erent crosstalk paths. The �ber delays decorrelate
bit patterns of the main signal from the interfering signals and place some of the
crosstalk power in the binary symbol 0's of the main signal instead of in the 1's.
Due to the use of �ber delays to mitigate the e�ect of crosstalk, this scheme cannot
be applied in an integrated optical cross-connect where the optical waveguides
should be made as short as possible. Moreover, since the delay length is related to
the bittime, it is not possible to obtain crosstalk mitigation at di�erent bitrates.

The magnitude of optical crosstalk can be minimized by controlling the po-
larization state of the signal and crosstalk. In [95] it is demonstrated that the
polarization scrambler can give an e�ective tolerance improvement of 3 dB by us-
ing a scrambler speed of 1 MHz. Methods that exploit the polarization dependence
of the interference are only applicable to networks comprising polarization insen-
sitive devices. However, in current switching technologies, many optical devices
still have a polarization insensitive property of a few decibels. By using polariza-
tion scrambler, an increase in the network tolerance towards optical crosstalk is
at the expense of an increased power loss due to polarization sensitive devices in
the network.

Optical crosstalk can also be suppressed by exploiting the thermally induced
intrabit optical frequency evolution in directly modulated lasers [96, 97]. This
frequency variation implies that interfering bits of di�erent optical frequencies are
transferred from baseband and thereby can be rejected by the electrical bandwidth,
which is similar to phase scrambling. Experiments have demonstrated an increased
crosstalk tolerance of 5 dB for 622 Mbit/s and 13 dB for 80 Mbit/s over external
modulation with eight crosstalk interferers. However, the suitability for high-
speed multi-Gbit/s transmission is limited by the small frequency change over a
bit duration. This technique is attractive for sub-gigabit transmission applications
because no additional hardware is required and dispersion penalty for such low
bitrates is negligible.
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Finally, one can improve the receiver tolerance to optical crosstalk by choosing
an optimal value (for a certain level of optical signal-to-noise ratio) of the receiver
decision threshold. It is reported in [98] that for a 25-dB optical signal-to-noise
ratio, the receiver tolerance towards −20 dB crosstalk can be enhanced by a factor
of 3 dB. This concept can also be used in combination with the previously described
concepts in which optical crosstalk is mitigated during its propagation through an
optical network.

4.3 Concept of Phase Scrambling

This section deals with the most damaging form of optical crosstalk, namely in-
band crosstalk. Owing to its interferometric characteristics, this form of crosstalk
is often called interferometric noise and the signal-crosstalk beat power is denoted
by the interferometric term.

If an optical signal and a crosstalk interferer are present at the input of a
photodetector, then the total optical �eld is given by their superposition. The
output of a photodetector is a photocurrent proportional to the incident optical
power which is the squared magnitude of the detected signal Es(t) and crosstalk
�eld Ex(t),

ip(t) = R|Es(t) +Ex(t)|2; (4.1)

where R is the receiver sensitivity in Ampere/Watt. This nonlinear operation on
the detected �eld results in a photocurrent that consists of three terms. Two of
those terms are the contribution of the average optical power in the signal R|Es|2
and the crosstalk R|Ex|2, respectively. The other term is a uctuating term due
to the randomly changing phase di�erence between the signal and crosstalk, i.e.
the interferometric crosstalk noise term,

�s;x(t) =
p
gs(t)gx(t− �d) cos [�s(t)−�x(t− �d)]: (4.2)

The magnitude �s;x(t) is the phase, and gs;x(t)>0 is the optical pulse shape. The
signal-crosstalk interference occurs at a time denoted by �d. We have assumed that
the signal and crosstalk have an aligned polarization state. An optical receiver has
usually a baseband-limited electrical �lter for further signal processing and noise
reduction. The interferometric crosstalk contribution to the �ltered photocurrent
can be mathematically described as

�(t) = h(t) ? �s;x(t); (4.3)

if we consider a post-detection �lter with impulse response h(t). The convolution
operation is denoted by ?. We applied phase scrambling of format

 (t) = an(t) cos (!f t); (4.4)

to the interferometric crosstalk where a is the modulation index and n(t) is a
bandpass Gaussian noise centered at a frequency !f . The interferometric crosstalk
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contribution to the photocurrent is then of the type

�(t) = cos (��(t) −� (t)); (4.5)

in which ��(t) and � (t) are the phase di�erence of the laser phase and the
imposed phase modulation, respectively. In most of the applications of interest,
the delay time �d is of a much larger magnitude than the laser coherence time ��.
This situation is called the incoherent optical crosstalk regime. In that regime, the
phase information within a bit duration T can be considered randomly distributed
between 0 and 2� and the variance is near zero [41]. It can be shown that the
autocorrelation function of �(t), for the incoherent crosstalk regime, is given by [92]

R�(�) =
1

2
exp (−2���|� |)| {z }

R0
�
(�)

exp

�
−a

2

2
[Rn(0)− Rn(�) cos (!f �)]

�
; (4.6)

where Rn(t) is the autocorrelation function of n(t) and �� is the 3-dB linewidth
of the Lorentzian shaped laser spectrum [99]. The variance of this noise can be
found by using the following relation

�2 = 2

Z ∞

0

S�(f)|H(f)|2df; (4.7)

where H(f) is the transfer function of the post-detection �lter and S�(f) is the op-
tical crosstalk power spectrum. In the following, we take a closer look at Equation
(4.6) for three di�erent noise sources:

• a baseband noise source  (t) = n(t),

• a high-frequency (HF) cosine signal  (t) = a cos (!f t), and

• a band-pass noise source  (t) = an(t) cos (!f t).

For the �rst category of the phase scrambling noise, Equation (4.6) can be
simpli�ed to

R�(�) = R0
�(�) exp

�
−1

2
[Rn(0)− Rn(�)]

�
; (4.8)

where the autocorrelation function Rn(�)=Pn sin (Bn�)=(Bn�). Pn and Bn are the
power and the bandwidth of the noise. R�(�) apparently results in an exponential
descent function where the magnitude depends on the power and the bandwidth.
In order to have a signi�cant crosstalk reduction, the greatest possible noise power
and bandwidth should be chosen. However, since the electrical input to a phase
scrambler has always been limited in power, this scrambling noise cannot be used
eÆciently to mitigate the interferometric e�ect of optical crosstalk.

The second noise source is di�erent from the �rst one. Instead of including
baseband noise into the phase scrambling input, we use a HF cosine signal of
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Figure 4.1: Redistribution of crosstalk power among di�erent harmonics. The
crosstalk power is transfered from baseband to the higher frequencies
where it can be �ltered out. S0� (f) is the baseband beat noise and

S0 (f) is the scrambling source.

amplitude index a and angular frequency !f . By using this scrambling format,
R�(�) in Equation (4.6) can be written in series of Bessel functions [100],

R�(�) = R0
�(�)

"
J20 ( (�)) + 2

∞X
k=1

J2k ( (�)) cos (k!f �)

#
: (4.9)

The spectral power S�(f) in Equation (4.7) is obtained by Fourier transforming
Equation (4.9),

S�(f) = J20 ( )S
0
� (f) +

∞X
k=1

J2k ( )
�
S0� (f − kff ) + S0� (f + kff )

�
: (4.10)

It can be understood from Equation (4.10) that the crosstalk spectral power
is distributed over many di�erent spectral components and they are reduced by
the factors corresponding with the Bessel coeÆcients. A schematic diagram is
presented in Figure 4.1 to describe this spectral crosstalk redistribution. By setting
 =0, the Bessel coeÆcients are equal to zero and S�(f)=S

0
� (f). Otherwise, for a

non-zero  , optical crosstalk becomes modulated at multiples of the superimposed
frequency !f , with carrier intensities equal to J2k ( ). The part of the crosstalk
spectrum of our concern is that near baseband, which is given by J20 ( )S

0
� (f).

This spectrum will a�ect the desired signal destructively since it is located around
baseband. The scheme in Figure 4.1 is valid if the phase scrambling frequency
is higher than at least twice the bandwidth of the beat noise spectrum S0� (f),
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Figure 4.2: Crosstalk reduction factor against ff� for di�erent phase modula-
tion indices a. The scrambling source is  (�)=a cos(!f �).

which we assume to be bandwidth-limited. The baseband crosstalk power is thus
reduced by a factor J20 ( ), which we de�ne as the crosstalk reduction factor. If
the scrambling frequency is adjusted around the beat noise bandwidth, then the
baseband crosstalk will also be a�ected by the contribution of the other harmonics.
This will result in a lower eÆciency of phase scrambling. The crosstalk reduction
factor as a function of normalized modulation frequency ff � is plotted in Figure 4.2
for di�erent values of the modulation index a. The plots show some characteristic
elements. In Figure 4.2, the crosstalk reduction factor is a periodic function of
ff � . The maximum reduction of optical crosstalk depends on the modulation
index a. It implies that the reduction factor is also a function of the distance since
the delay time � can be expressed in distance. It is clear from Figure 4.2 that
for very strong phase modulation the crosstalk power can be largely eliminated,
except for the unfortunate situation when ff �=k, where k is integer. This means
that a phase scrambler at one scrambling frequency may work for a particular �ber
link, but may not work for another one. This exceptional situation is somewhat
undesirable for telecommunication applications.

To achieve crosstalk mitigation under all situations, independent on the dis-
tance, we expand the scrambling source a cos(!f �) to a band-pass noise source,
centered at an arbitrary high frequency. This scrambling source can be obtained
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Figure 4.3: Crosstalk reduction factor against ff � for di�erent noise band-
widths. The scrambling signal source is  (�)=an(�) cos(!f �) with
a=�.

by superimposing a HF cosine signal on �ltered noise. As a result, the phase
scrambling noise has a form of  (�)=an(�) cos(!f �) and the crosstalk reduction
factor (CRF) can be written as

CRF = exp

�
−a

2

2
[Rn(0)−Rn(�) cos (!f �)]

�
(4.11)

In Equation (4.11), we have an extra parameter of inuence, i.e. the bandwidth of
the modulating noise Bn, which is embedded in Rn(�) = Pn sin(Bn�)=(Bn�) with
Pn being the noise power. In Figure 4.3, we show the crosstalk reduction factor
versus the product ff� for three di�erent noise bandwidths. The modulation
index is �xed at a=� and Rn(0)=1. Figure 4.3 shows that the crosstalk reduction
improves when the noise bandwidth increases. Smaller modulation indices will
decrease the reduction factor. For larger bandwidths, the crosstalk reduction factor
becomes less dependent on the distance than for narrower ones. With a noise
bandwidth of 200 MHz, we could obtain a substantial reduction of optical crosstalk
after approximately a 2-ns delay time using a sinusoidal signal of frequency 2.5
GHz, yielding ff �=5. Inversely, we can also observe from Figure 4.3 that the
crosstalk reduction is completely independent of the noise bandwidth when the
signal-crosstalk delay is large.
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Another e�ect of phase scrambling when considering transmission, is the inter-
action of the spectrum of a phase-scrambled signal with dispersion. A bandwidth
increase in optical signals will occur when the optical phase is scrambled. The
spectrum width of laser light is determined by its Lorentzian spectrum [99]. Phase
scrambling-induced noise is modeled as a continuous random motion in which the
phase di�erence between the signal and crosstalk is randomly distributed. The
3-dB spectrum width of the signal ��T due to phase scrambling is given by

��T = �� +�� = ��CW +��M +Bna
2; (4.12)

where ��CW and ��M are the CW linewidth and the modulation bandwidth,
respectively. The modulation bandwidth ��M is related to the modulation rate
rb. For symbols represented as rectangular baseband pulses of type nonreturn-to-
zero, the 3-dB modulation bandwidth can be fairly described by [101]

��M = 0:77× rb: (4.13)

When we impose a transmission condition that the dispersion-induced pulse spread-
ing after L kilometers should be under a fraction � of the bit period for a certain
�ber length, an approximation for the dispersion limited bitrate-distance product
(rb×L) can be expressed as

rb × L ≤ �

D��T
for 0 < � < 1: (4.14)

It should be noted that the industry dictum is �=0:25 [23]. As an example, a
scrambling source of Bn=200MHz and a=� is used to scramble in phase an optical
signal of 2.5-Gbit/s bitrate (��M=1:93 GHz). If the CW linewidth of the light
source is ��CW=45 MHz, then the spectrum width ��T will be approximately 4
GHz or 0.03 nm. With D=17 ps/nm/km and �=0:25, the maximum achievable
distance will be around 200 km. This distance is about a half of the transmission
length in the absence of phase scrambling.

4.4 Statistics of Filtered Crosstalk

Performance assessments of an optical system can be carried out by evaluating
the photocurrent statistics. An optical receiver generates a photocurrent, which is
proportional to the incident optical power. A decision circuit takes each sample of
the photocurrent after a bit duration, and the sampled photocurrent is compared
with a pre-de�ned threshold to decide whether the received bits are marks (1's)
or spaces (0's).

Error probability is calculated by looking at the statistics of optical crosstalk
that is inside the receiver bandwidth. Knowing the statistics can help in �nding
a method for approaching the error probability because using the exact solution
will generally be laborious and time-consuming. The crosstalk statistics of a pho-
tocurrent comprising �ltered crosstalk is presented Figure 4.4 for two low-pass
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(b)

(a)

Figure 4.4: Measured statistics of photocurrents due to a ��T =BF ratio of (a)
0.5 and (b) 9. ��T is the 3-dB spectrum width of phase-scrambled
signals and BF is the detection electrical bandwidth.

electrical �lters with di�erent bandwidths. The crosstalk and the desired signal
are generated using an external modulator at 2.5 Gbit/s and they are not phase-
scrambled. The bandwidth of the beat noise is approximately 4 GHz. When the
electrical bandwidth is set to be much larger than the beat spectrum, as the case
of using a 7.5 GHz �lter for detecting 2.5-Gbit/s signals, the statistics consist of
a two-pronged function, see Figure 4.4(a). This form of crosstalk distribution has
been intensively studied in chapter 2. When the �lter bandwidth decreases to 450
MHz, strong �ltering will a�ect the crosstalk statistics, as shown in Figure 4.4(b).
The statistics are changed to form a Gaussian-like shape because the higher fre-
quency components of the beat noise are strongly �ltered and therefore the shape
is smoothed out. Based on the shape of �ltered optical crosstalk, the performance
assessment in evaluating the error probability can be carried out using Gaussian
approximation. A general expression of the error probability (Pe) or the bit error
rate (BER) of a signal interfered by N crosstalk sources is given by its weighted
statistically average,

BER =
1

2N

NX
�=0

�
N

�

��
1

2
Q
�
P1(�)−D

�1(�)

�
+
1

2
Q
�
D − P0(�)

�0(�)

��
; (4.15)

where � represents the number of crosstalk sources that have simultaneously a
binary symbol 1, thus N −� sources have a binary symbol 0. Q(:) is the standard
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Gaussian tail function,

Q(z) = 1√
2�

Z ∞

z

exp

�
−�

2

2

�
d�:

P1;0 are the mean value of the received power, D the optimal threshold value, �21;0
the variance of thermal noise, crosstalk, and ASE noise. Figure 4.5 shows how
power penalties are reduced by using phase scrambling. These theoretical curves
are obtained for a �xed BER of 10−9 with di�erent values of the phase modulation
index a. As the modulation index increases, the penalty substantially decreases for
each crosstalk power, and therefore system tolerance towards crosstalk is enhanced.
For 1-dB penalty it can be seen that a more than 10 dB in crosstalk relaxation
can be obtained if a increases from 0 to �.

When transmission over dispersive �ber is considered, the noise variance should
include the dispersion-induced phase-to-intensity noise conversion �2RIN, which is
formulated as

�2RIN =

Z ∞

0

NRIN(f) |H(f)|2 df; (4.16)

where H(f) is the transfer function of the receiver and NRIN(f) is the power
spectral density of the intensity noise due to dispersion. NRIN(f) after an optical
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�ber of length L is de�ned as [102]

NRIN(f) = 8

" ∞X
n=0

Jn

 
1

f

r
2��T
�

!
Jn+1

 
1

f

r
2��T
�

!
sin

�
2n+ 1

2
(2�f)2�2L

�#2
;

(4.17)
where Jn(x) and Jn+1(x) denote the Bessel functions of the �rst kind. �2 is related
to the dispersion coeÆcient of �ber D by �2=D�

2=(2�c). If �2RIN is large, then
the noise will also be large and the system performance will be degraded.

To conclude this section, the phase scrambling technique is shown to reduce
the interferometric e�ect of optical in-band crosstalk on a desired signal by in-
creasing its occupied bandwidth. However, special care should be taken to deal
with transmission penalties caused by the dispersion-induced phase-to-intensity
noise conversion.

4.5 Implementation of Phase Scrambling

In this section, we discuss the implementation of the phase scrambling technique
on a laboratory test-bed. The test-bed consists of commercially available optical
and electrical devices. The e�ectiveness of three di�erent phase noise sources is
studied in detail: baseband noise, a sinusoidal signal, and bandwidth-limited noise
mixed with a sinusoidal signal.

4.5.1 Phase Scrambling Test-bed

The test-bed that is used to evaluate the e�ectiveness of phase scrambling in mit-
igating the interferometric e�ect of in-band crosstalk is depicted in Figure 4.6.
The transmitter consists of a commercial distributed feedback (DFB) laser and an
external modulator. The laser has a measured CW linewidth of 45 MHz and it gen-
erates the light of 1 dBm at 1544.5 nm. Usually, a polarization controller precedes
the external modulator in order to have a maximum extinction ratio in optical
signals. The external modulator is driven electrically by a pseudorandom binary
sequence (PRBS) at a bitrate of 2.5 Gbit/s. The generated optical pulses are of
type nonreturn-to-zero (NRZ) with a sequence length of 223−1. The extinction
ratio measured at the output of the modulator is better than 15 dB.

The optical pulses are sent to a polarization controller which matches the
state of polarization to the state required by the phase scrambler ��. The phase
scrambler section is constructed by a phase modulator, which is driven by an
electrical phase noise source. We will examine the performance of the noise source
in the next sections. The phase-scrambled optical signal is then coupled to an
unbalanced Mach-Zehnder Interferometer (MZI) with one optical arm longer than
the other arm. The length di�erence is intended to decorrelate in phase and in
binary sequence the signal in the upper arm with respect to that on the lower arm.
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Figure 4.6: Phase scrambling test-bed. The transmitter consists of a CW laser
and an optical modulator for a data speed of 2.5 Gbit/s. The re-
ceiver has a p-i-n detector and an electrical ampli�er of 1.8-GHz
bandwidth. �� is the phase scrambler.

We use an optical delay �ber of 7 km, which is much longer than the coherence
length of the DFB laser, i.e. about 1{2 m.

The crosstalk power can be adjusted relative to the signal power by the optical
variable attenuator. Another polarization controller is placed in the signal path
for matching the signal polarization state with that of crosstalk. A matched state
of polarization results in a maximum signal-crosstalk beat power. At the output
of the MZI, an optical ampli�er of type erbium-doped �ber ampli�er (EDFA)
is employed to compensate for several decibels transmission loss in the standard
�bers. The optical gain is 25 dB and the noise �gure is 5−6 dB. The transmission
�ber comprises �ber sections of 25 km and 50 km with a total �ber length of
200 km. These �bers are necessary to study the e�ect of �ber dispersion on the
phase-scrambled signal. An additional EDFA is located in each 100-km section to
increase the power budget.

At the end of transmission, the signal power is adjusted by another attenuator,
which is preceded by an optical band-pass �lter to suppress the out-band ASE
noise. The band-pass �lter in the test-bed can be either tunable or �xed wave-
lengths. The 3-dB bandwidth is 1.6 nm for a tunable �lter and 0.7 nm for a WDM
�lter. A detailed description of the WDM �lter can be found in [103].

The receiver section has a commercial InGaAs p-i-n photodiode followed by a
variable gain electrical ampli�er to boost the photocurrent. The electrical band-
width of the receiver circuit is approximately 1.8 GHz. The photocurrent is eval-
uated by the BER analyzer to assess the error performance of the test-bed as a
function of the optical input power. Back-to-back BER curves are measured when
transmission �bers are not used. Receiver sensitivities and crosstalk-induced power
penalties are related to the value of input power that corresponds to a bit error
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rate of 10−9.
Important parameters for phase scrambling are the modulation index a, the

noise bandwidth Bn, and the scrambling frequency ff . It is not always possible
to optimize these parameters because of the physical limitation of the commercial
components in the test-bed. For instance, the modulation index of the phase mod-
ulator is upper-bounded by its V�, which is de�ned as the input voltage required
to change the phase by � radians. In our test-bed, V�=4:8 V.

In the experimental test-bed, a 3-GHz electrical signal generator is available
to generate sinusoidal signals. Therefore, the maximum scrambling frequency is
limited to 3 GHz. We will use this maximum frequency as the default value for the
experiment. However, lower frequencies are used when the measured performance
using higher frequencies does not show a signi�cant improvement compared to the
lower frequencies.

The noise bandwidth Bn can be adjusted to 200 MHz, 350 MHz, 1.9 GHz and
7.5 GHz. Again in the experiment, narrower bandwidths will be selected when
there is no signi�cant di�erence in the performance of using larger bandwidths.

4.5.2 Baseband Phase Noise

This section describes the inuence of electrical baseband noise as the phase noise
source for the phase scrambling. In general, it is diÆcult to generate a noise source
that has a very large bandwidth and a suÆcient output power to drive the phase
modulator. The noise source that has been assessed for this implementation is a
random bit sequence. The phase of the optical signals in the phase modulator is
scrambled by applying a (pseudo)random signal generator at a bitrate, which is
suÆciently higher than the signal bitrate. A signal generator running at 10 Gbit/s
is used to generate a PRBS noise format. To increase the usable bandwidth of
the noise source, the longest available sequence of 231−1 is selected. The power
spectral density of the PRBS sequence has the form of a squared sinc-function with
the bandwidth proportional to 80% of the bitrate [104]. The spectral bandwidths
of up to 8 GHz and the noise amplitude of 2 V peak-to-peak can therefore be
obtained using this noise scheme.

The parameters that can be varied are the modulation index and the band-
width of the low-pass �lter, which �lters the PRBS before the phase modulator.
By using a combination of an electrical ampli�er and an electrical attenuator, the
modulation index can be adjusted to a value that corresponds to �. The measured
optical spectra of the phase scrambled signals for two di�erent electrical band-
widths are plotted in Figure 4.7. The optical spectra are measured by an optical
spectrum analyzer with a read-out resolution of 18 pm. The 20-dB bandwidth
of the spectrum due to the 1.9-GHz and 7.5-GHz �lter is 145 pm and 290 pm,
respectively. The optical bandwidth of the original signal is about 72 pm. So, a
bandwidth increase of 73 pm and 218 pm is obtained. Using Equation (4.14), one
may obtain a maximum dispersion-limited transmission length of 180 km and 90
km, respectively.
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Figure 4.7: E�ect of phase scrambling on the spectrum of 2.5-Gbit/s signal. The
scrambling source is 10-Gbit/s NRZ PRBS signals, �ltered with (a)
1.9-GHz and (b) 7.5-GHz bandwidth.

The e�ectiveness of phase scrambling using the baseband noise is studied on
the test-bed as shown in Figure 4.6. First, BER curves of the test-bed without
phase scrambling are evaluated and subsequently these BER values are compared
to the BER curves with phase scrambling. The crosstalk power relative to the
signal power is varied by the variable attenuator from −15 to −40 dB. The �lter
bandwidth is 7.5 GHz and no transmission �ber is used. Figure 4.8 shows the
measured BER curves in the absence and in the presence of phase scrambling. In
Figure 4.8(a), it is shown that when no optical crosstalk is generated in the setup,
the receiver sensitivity for BER=10−9 is −27.4 dBm. For −15 dB crosstalk power,
the BER curve shows a oor at 10−4, thereby the target BER=10−9 cannot be
met. Decreasing the crosstalk levels to −20 dB, the BER values show a receiver
sensitivity of about −22 dBm. The power penalty is therefore slightly above 5 dB.
A further decrease of crosstalk levels produces BER values closer to those without
crosstalk and the sensitivity degradation becomes negligible small.

Figure 4.9(a) presents a penalty curve as a summary of the measured BER
performance of the testbed without phase scrambling. For a 1-dB power penalty,
a maximum tolerable crosstalk power is −27 dB. For some application in which
optical power budget is not a matter of great concern, one may slightly relax the
target penalty to, for instance, 2 dB or even higher. If we tolerate a power penalty
of 2 dB, then the maximum crosstalk increases to −25 dB.

To reduce the e�ect of crosstalk on the signal, a phase scrambler is placed in
the test-bed as shown in Figure 4.6. The parameters of importance are the noise
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Figure 4.8: Measured BER curves of a 2.5-Gbit/s signal: (a) without and (b)
with the use of phase scrambling.

power Pn and the bandwidth Bn. These parameters are optimized with respect
to the eye opening of the desired signal. The optimization shows that the eye
opening is wide when Pn and Bn are large. To obtain a large value of Pn, the
amplitude of the PRBS generator is set to its maximum, 2 V peak-to-peak, and
subsequently an electrical ampli�er is used to boost the power to the value that
equals to V� of the phase modulator. Bn is 7.5 GHz for �ltering 10-Gbit/s PRBS
signals. It is observed in the optimization that lower �lter bandwidths will result
in a decreased eye opening compared to the eye opening of the 7.5-GHz electrical
�lter.

For the same crosstalk levels as those without phase scrambling, BER values
are evaluated as a function of input powers. The measured BER values are plotted
in Figure 4.8(b). Compared to Figure 4.8(a), the results in Figure 4.8(b) shows a
signi�cant improvement of the BER performance. For each crosstalk power, the
corresponding BER value decreases. When we look at a crosstalk level of −20
dB, the receiver sensitivity is shifted to −26.5 dBm. This sensitivity corresponds
to a penalty of under 1 dB. In Figure 4.9(b), penalty curves are presented as a
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Figure 4.9: Power penalties of a 2.5-Gbit/s signal caused by crosstalk: (a) with-
out and (b) with the use of phase scrambling.

function of crosstalk levels. Thus, for a 1-dB maximum penalty, optical crosstalk
levels must lie under −20 dB. As a result of using phase scrambling, the crosstalk
requirement for the 1-dB penalty moves from −27 dB to −20 dB. So, we have a 7-
dB improvement in crosstalk tolerance in the test-bed. It is also shown in Figure
4.9 that penalties of the crosstalk values of around −15 dB are too large and
they cannot be substantially reduced by phase-scrambling using this noise format.
A small variation around −15 dB crosstalk causes a step increase in the penalty
curve. It means that the BER performance is much inuenced by a crosstalk value
of −15 dB. To prevent an unacceptable high power penalty, one should make sure
that the crosstalk levels in an optical transmission system are much less than −15
dB.

Based on the measured results, we may draw a conclusion that the e�ect of
in-band crosstalk can be considerably suppressed by widening the occupied band-
width of the signal. However, an increased occupied bandwidth has an impact of
the signal performance in a dispersive optical �ber. To investigate this impact,
we use multiple sections of the standard single-mode �ber in the test-bed. The
dispersion coeÆcient of the �ber at a lasing wavelength of 1544.5 nm is approx-
imately 17 ps/km/nm and the �ber loss is 0.21 dB/km. A commercial EDFA is
used to compensate for the �ber loss, and the out-band ASE is removed by an
optical band-pass �lter of 1.6-nm bandwidth. In order to make the comparison
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Figure 4.10: BER performance of a 2.5-Gbit/s signal disturbed by optical
crosstalk after (a) 50 km and (b) 75 km of standard single-mode
�bers.

with the test-bed without transmission �ber, the same value of the noise power Pn
and the noise bandwidth Bn is used. 4.10. The �ber length with respect to �ber
dispersion is chosen as such that a useful BER measurement can be performed.
Using Vin=V� and Bn=7.5 GHz as the input parameters for the phase modulator,
we observed that transmission over a distance of more than 100 km is not possible
because of a complete eye closure at the receiver. Adjustments around the input
parameters have not resulted in more opening in the eye pattern. Therefore, the
�ber length in the test-bed is limited to only 50 km and 75 km.

The result of BER measurements for 50 km and 75 km is presented in Figure
4.10. It can be seen in Figure 4.10(a) that the phase-scrambled optical signal
at 50 km shows a degraded BER performance. The receiver sensitivity for the
case of no crosstalk decreases to −25.7 dBm, hence a dispersion penalty of 1.7 dB
compared to the sensitivity of the back-to-back measurement. Moreover, a form
of an error oor emerges for crosstalk values greater than −25 dB. For −25 dB
crosstalk power, the sensitivity amounts −25 dBm, which is slightly worse than
−25.6 dBm of the back-to-back and without phase scrambling. For a transmission
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length of 75 km, the receiver performance is decreased substantially by dispersion.
A BER=10−9 is barely reached by these scrambling parameters. It is observed
in the experiment that narrowing the noise bandwidth from 7.5 GHz to 1.9 GHz
has improved the receiver sensitivity of 75 km by less than 1 dB. The sensitivity
further decreases when using a lower noise power.

As a conclusion for this type of scrambling noise, we have shown that 7-dB
crosstalk relaxation can be achieved. Phase scrambling decreases the crosstalk
requirement from −27 dB to −20 dB. However, this improvement is lost in the
transmission experiment. Transmission lengths of longer than 50 km are not pos-
sible due to the large dispersion e�ect on the signals with an increased occupied
bandwidth.

4.5.3 Sinusoidal Scrambling Format

The second phase noise for the phase modulator is a high frequency (HF) sinu-
soidal signal. This scrambling source o�ers an attractive option because of its
simple form. From the theoretical analysis as shown in Figure 4.2, the crosstalk
reduction using a sinusoidal signal has a periodical function of distance with no
crosstalk reduction at ff �=k and k being integer. In this section, we will assess the
e�ectiveness of a sinus as phase noise in reducing the impact of in-band crosstalk
on the signal.

The test-bed for the sinus scrambling source is the same as that for the base-
band noise source. The scrambling source for the phase modulator has a HF sinus
generator. An electrical generator produces a sinusoidal signal of amplitude Vf fre-
quency ff . The signal is ampli�ed by a broadband electrical ampli�er to increase
the amplitude range so that it can optimally drive the phase modulator. The
important scrambling parameters here are Vf and ff . The sinus amplitude at the
modulator input can be increased to Vf=1.5V� with V�=4:8 V, thus 0 ≤ a ≤ 1:5�
with a being the modulation index. The sinus can be varied to a maximum fre-
quency of 3 GHz. The spectrum of optical signals that is phase-scrambled by this
noise source is shown in Figure 4.11. The read-out resolution of the spectrum
analyzer is 18 pm. In Figure 4.11 three di�erent scrambling frequencies are used
and the modulation index a is � and 1:5� radians. The bandwidth broadening
is given in the tables inside Figure 4.11. Compared to the original spectrum, the
spectrum becomes widened if the modulation and frequency increase. For a=1:5�
radians and ff=3 GHz the spectrum around the central wavelength is slightly at.
This attening is caused by multiple harmonics in the phase modulator transfer
function.

The scrambling parameters are optimized by analyzing the resulting eye open-
ing for di�erent values of the modulation index and the frequency. It is observed
that a signi�cant improvement in the eye opening occurs when the modulation in-
dex is larger than 1 radian. This value is also con�rmed in Figure 4.2. We have set
the modulation index a=�. The optimization of the scrambling frequency is more
diÆcult because of the periodicity in its crosstalk reduction. The �ber that delays
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Figure 4.11: Measured spectrum of a 2.5-Gbit/s signal, phase scrambled by a
sinus signal with a modulation index of (a) � and (b) 1:5� radians.
�BW is the bandwidth broadening due to phase scrambling and
ff is the sinus frequency.

in-band crosstalk with respect to the desired signal is 7 km long. Crosstalk pulses
are delayed with �=35 �s. Many optimal frequencies therefore will occur and
the spectral distance between these frequencies is approximately 30 kHz. More-
over, Figure 4.1 has shown that a complete crosstalk reduction is possible if the
scrambling frequency is chosen much higher than the beat noise bandwidth. For
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Observation Transmission Length

Method 0 km 100 km 200 km

[dB] [dB] [dB]

Analytical 7.5 5.5 3.8

Experiment 8.0 7.0 5.5

Simulation 6.0 5.0 {

Table 4.1: Crosstalk reduction versus transmission length for 1-dB penalty.

these reasons, we have decided to use the maximum sinus frequency of the signal
generator, which is ff=3 GHz. The impact of �ber dispersion is also taken into
account when optimizing the parameters. A multi-section standard single-mode
�ber is used as a transmission �ber. After a 75-km �ber, the received eye pattern
still show clear opening. Subsequently, we increase the �ber length to 100 km
and longer and we evaluate the received eye pattern. This eye pattern evaluation
shows that by using the same phase scrambling parameters as for the back-to-back
scheme, optical transmission of up to 200-km length is possible.

A back-to-back BER performance of the test-bed in the absence of phase scram-
bling is used as the reference. It should be noted that the e�ect of dispersion on
the 2.5-Gbit/s externally modulated optical pulses is very small. For 100 km and
200 km pulse broadening amounts 7% and 14% of the 400-ps bit duration, respec-
tively. The inuence of ASE noise is strongly limited by a narrow-band optical
�lter located after the transmission �ber. The optical �lter bandwidth is 0.7 nm.
The receiver characterization for back-to-back, 100-km, and 200-km �ber lengths
showed an averaged di�erence in sensitivity of less than 0.5 dB.

The measured penalty versus relative crosstalk power is plotted in Figure 4.12
for the following situations: no phase scrambling and back-to-back, with phase
scrambling and back-to-back, 100-km, and 200-km transmission over the standard
�bers. The analytical solution described by Equation (4.15) is also presented.
The experimental results agree remarkably well with the theoretical results. This
agreement con�rms the accuracy of the Gaussian approximation in analyzing the
performance of phase scrambling. Both the experiment and theory show a sub-
stantial reduction in the e�ect of optical crosstalk on the system performance. For
back-to-back measurements the crosstalk requirement of less than 1-dB penalty is
relaxed from −28 dB to −20 dB. This crosstalk relaxation is reduced to −21 dB
and to −23 dB if a transmission �ber of 100 km and 200 km is used, respectively.
Figure 4.12 also shows the interaction of phase scrambling with �ber dispersion in
200-km optical �ber results in a penalty of 0.6 dB. The level of crosstalk reduction
for 1-dB penalty obtained from the theory and experiment is listed in Table 4.1.

In addition to experiment and theory, a number of computer simulations are
performed by University of Gent [51]. The simulations are carried out using a
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commercial optical network simulator GOLD. The results can be found in Table
4.1. The simulation predicts an increased crosstalk tolerance of 5 dB after 100
km. Simulations for a 200-km transmission length have not been carried out but
we can say, based on Table 4.1, that the simulation shows the same tendency in
crosstalk reduction as obtained by the experiment and theory.

It is shown in Figure 4.1 that the e�ectiveness of phase scrambling can be
enhanced if the sinus scrambling frequency is much larger than the signal-crosstalk
beat spectrum, which is proportional to bitrates. To demonstrate this improved
e�ectiveness of the sinus phase scrambling, we decrease the bitrate to 622 Mbit/s
and we used an optical receiver with 450-MHz bandwidth. The receiver sensitivity
is characterized to be −34 dBm, owing to excellent responsitivity and thermal
noise suppression. The modulation index is kept the same as before, a=�, and the
frequency ff is optimized with respect to the receiver bandwidth. The periodical
crosstalk relaxation is still observed in 30-kHz interval. By analyzing the received
eye patter an optimal sinus frequency is found to be larger than 1 GHz. This
is in agreement with the illustration in Figure 4.1. For a sinus frequency ff≥2
GHz the crosstalk relaxation reaches a maximum performance. We therefore �xed
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the sinus frequency at 2 GHz for BER measurements to minimize the inuence
of �ber dispersion. The measured performance relaxation is depicted in Figure
4.13. For comparison, the results without phase scrambling (ff=0) and sinus
phase scrambling at the frequency equal to the receiver bandwidth (ff=450 MHz).
From Figure 4.13, one can observe that a 13-dB crosstalk relaxation after 200
km optical �bers can be obtained by the selected scrambling parameters. This
remarkable improvement enables us to work with an optical device of which its
in-band crosstalk value is not higher than −14 dB.

In the experiment, we have optimized the scrambling parameters for transmis-
sion of up to 200 km. The optimization for longer �ber lengths is not performed
due to the absence of more �bers. Since the interaction between an increased occu-
pied bandwidth and �ber dispersion along the transmission path becomes severe,
the system performance would further decrease as the transmission span becomes
longer. For 2.5-Gbit/s bitrate, the dispersion penalty after 200 km is about 0.6
dB (see Figure 4.12). We believe that phase-scrambled 2.5-Gbit/s optical sig-
nals would �nd it diÆcult to reach distances beyond 200 km without any form of
dispersion compensation.
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4.5.4 Band-pass Phase Noise

A band-pass phase noise source can be realized by superimposing a baseband
noise source of bandwidth Bn onto a sinusoidal signal of frequency ff . By doing
so, the baseband noise source is moved to a higher frequency region, centered at
the frequency ff .

We have in this band-pass noise three parameters that can be optimized: the
modulation index a, the center frequency ff , and the noise bandwidth Bn. The
theoretical consideration of this noise source is summarized in Figure 4.3 for a
�xed a and three di�erent values of Bn. Since the scrambling noise has a sinusoidal
component, the optimized modulation index a=� radians of the sinus noise source
can be used here. If the signal-crosstalk delay time � is kept constant, then we
can select a scrambling frequency based on relation ff �=constant. To obtain
a maximum crosstalk reduction factor, the scrambling frequency must be much
larger than the receiver bandwdith. The selection of an optimal frequency is made
less dependent on � when the noise bandwidth increases. However, a wide-band
noise source is less attractive from a practical point of view. Realization of high-
power wide-band noise is practically diÆcult. The delay time � is 35 �s and the
frequency is set to 2.5 GHz, derived from the clock signal of a 2.5-Gbit/s PRBS
generator. The noise bandwidth can be chosen small because of the very large ff �
value. We used a noise source of bandwidth Bn=200 MHz.

Figure 4.14 shows the spectrum of the phase noise source that consists of a 200-
MHz baseband noise and a sinus at frequency 2.5 GHz. The spectrum of 2.5-Gbit/s
signals, phase scrambled by this noise source is also presented in Figure 4.14. In
Figure 4.14(a) the sinusoidal signal is clearly visible as a sharp peak surrounded by
the band-pass �ltered noise. The amplitude of the sinus is set to V� , giving a phase
modulation of �. The peak noise power lies approximately 35 dB lower than the
sinus power. In comparison to the original spectrum, the noise increases the signal
spectrum by 75 pm, measured at −20 dB power level. Inserting the scrambling
parameters in Equation 4.12) gives an increased spectrum width of approximately
4 GHz or 32 pm. The di�erence is attributed to the limited read-out resolution of
18 pm which is in the same order of magnitude as the measured spectra.

The performance assessment using the band-pass phase noise source is summa-
rized in the power penalty curves shown in Figure 4.15. Due to the small spectrum
width of the externally modulated optical pulses and the narrow-bandwidth �lter
before the receiver-end (see Figure 4.6), the penalty curves of a back-to-back (BB)
scheme are nearly identical with those of transmission of several km-long �bers
when no phase scrambling is used. For the BB scheme (2), in-band crosstalk
levels less than −24 dB result in a power penalty less than 1 dB. The crosstalk
level causing the same penalty can be increased to around −16 dB (3) by phase
scrambling. This means a crosstalk relaxation factor of 8 dB. The relaxation fac-
tor becomes less signi�cant as transmission lengths increase. With a transmission
length of 100 km (�), we still obtain a good performance even for crosstalk levels
around −18 dB, which decreases the relaxation factor to 6 dB. The dispersion
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Figure 4.14: Spectrum of (a) an electrical baseband noise source Bn=200 MHz
superimposed on a 2.5-GHz sinusoidal signal of amplitude V� , and
(b) optical spectrum of 2.5 Gbit/s before and after phase scram-
bling.

penalty due to spectral broadening can be seen by looking at the penalties of
low-level crosstalk. This penalty amounts approximately 0.4 dB after 100 km.
Increasing the transmission span to 200 km (�) and boosting the optical power
for �ber-loss compensation results in a maximum tolerable crosstalk level of −21
dB, giving a crosstalk relaxation of only 3 dB with respect to that of the BB
scheme. This reduction in crosstalk relaxation is largely caused by the increase in
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dispersion penalty. The penalty caused by dispersion at 200 km becomes 0.7 dB,
which is slightly under the target 1-dB penalty. This increased dispersion penalty
is due to the phase scrambling induced spectrum broadening.

If we relax the penalty level slightly to a higher level, for instance 2-dB, then
crosstalk values up to −15 dB and −16 dB are tolerable after 100 km (�) and
200 km (�). This corresponds to an enhancement of the system tolerance toward
crosstalk of 7 and 6 dB, respectively. Although the theoretical results, as shown
in Figure 4.15 by solid curves, are slightly lower than the experimental results, the
trend shows a good agreement between theory and experiment. These discrep-
ancies are believed to be caused by simpli�cation in the theoretical model, such
as neglecting beating terms between the RIN and the in-band ASE noise of the
optical ampli�ers. In all measurement the reduction shows a somewhat periodical
function especially for frequencies less than the receiver bandwidth. This period-
icity is probably caused by the limited noise power and is largely reduced as the
frequencies increase.

As a conclusion of the band-pass phase noise, we list in Table 4.2 the perfor-
mance assessment as a function of transmission length of standard single-mode
�ber. Penalties of 1 dB and 2 dB are taken as a measure of crosstalk relaxation.
In all cases the crosstalk requirement on an optical component can be relaxed con-
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Penalty 1 dB Penalty 2 dB

Transmission Maximum Crosstalk Maximum Crosstalk Dispersion

Length Crosstalk Reduction Crosstalk Reduction Penalty

[km] [dB] [dB] [dB] [dB] [dB]

0 −16 8 −13 9 0

100 −18 6 −15 7 0.4

200 −21 3 −16 6 0.7

Table 4.2: Crosstalk reduction versus transmission length.

siderably but at expense of transmission span. Transmission with a satisfactory
BER performance is demonstrated for a link of 100-km and 200-km. These trans-
mission spans represent the situation in a local and metropolitan area network,
allowing for optical networking using the relatively high crosstalk values.

4.6 Scalability

The test-bed as shown in Figure 4.6 can only accommodate the phase scrambling
assessments for a limited operational condition, namely �ber lengths of maximum
200 km, moderate bitrates (622 Mbit/s and 2.5 Gbit/s), and a single crosstalk
source. It is mentioned in the previous section that the optimized scrambling
parameters perform excellently for experiments with tranmission spans less than
200 km. The theoretical results con�rmed this experimental observation.

For bitrates of 10 Gbit/s and higher, the phase scrambling would not be an
e�ective solution to suppress optical crosstalk because the phase-scrambling noise
should be centered at a very high frequency. Since a high frequency signal genera-
tor is costly, the phase scrambling technique would not be cost-e�ective. Moreover,
optical signals of higher bitrates are susceptible to �ber dispersion due to their
broad spectrum. Phase scrambling will further increase the occupied bandwidth
and dispersion penalty will be more severe. We believe that in terms of bitrates
phase scrambling will work eÆciently in coarse WDM systems with bitrates of as
much as 2.5 Gbit/s.

Inclusion of multiple crosstalk sources will a�ect system performance more
severely than a single crosstalk source. It has been shown in Figure 4.15 that
for high-level optical crosstalk (≥ −20 dB), the phase scrambling technique can
improve the signal performance considerably. If the e�ect of �ber dispersion is not
taken into account, as in the case of the back-to-back scheme and if a crosstalk level
of −20 dB is considered, then one may theoretically obtain a maximum number
of seven crosstalk sources before the power penalty exceeds 2 dB. If the e�ect of
dispersion after 200 km is included in the analysis, then a maximum number of
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crosstalk sources would be reduced to three. For these estimations, the probability
density function of each crosstalk source is assumed to be a Gaussian function.
This Gaussian assumption can be applied because the statistics of a �ltered signal-
crosstalk beat power shows a Gaussian shape if the spectrum bandwidth largely
exceeds the electrical receiver bandwidth, see also Figure 4.4. The total error
probability due to multiple crosstalk sources can be calculated by statistically
averaging each crosstalk source, as shown by Equation (4.15).

4.7 Conclusions

Amongst crosstalk mitigation techniques, phase scrambling is conspicuous by its
simplicity. It only needs a phase modulator and a noise source. Moreover, phase
scrambling is easily implemented in WDM networks because just one phase scram-
bler is suÆcient to phase-dither all WDM channels in an optical �ber. The re-
sulting signal-crosstalk beat power is �ltered by the receiver bandwidth, thereby
increasing system tolerance with respect to optical in-band crosstalk.

We have shown theoretically and experimentally that the phase scrambling
technique is able to signi�cantly reduce the impact of optical crosstalk on a desired
signal. Three scrambling formats have been evaluated. A baseband noise source
can e�ectively reduce the e�ect of optical crosstalk in a back-to-back scheme, but
the �ber dispersion causes so much penalty that the transmission performance
deteriorates as the �ber length increases. A sinusoidal scrambling format su�ers
from a periodical function of distance in its crosstalk reduction factor. Therefore,
this scrambling is less attractive for practical WDM systems. The most suited
scrambling format is a band-pass noise source where a baseband noise source is
mixed with a sinusoidal signal. For a back-to-back 2.5-Gbit/s scheme, a maximum
tolerable crosstalk for 1-dB penalty using the band-pass noise is around −16 dB.
For the same amount of penalty, the system can tolerate as much as −21 dB
crosstalk after 200 km standard single-mode �ber using a proper phase noise format
in order to keep the �ber dispersion penalty low. This transmission length is typical
for local and metropolitan area networks. Within this length, an optical system
can tolerate three crosstalk sources before an excessive power penalty occurs.

Phase scrambling needs an additional bandwidth to reduce the impact of op-
tical crosstalk on a desired signal. For application in WDM systems, special care
should be taken in broadening the channel spectrum with regard to the channel
spacing. Therefore, we believe that this technique is suitable for a coarse WDM
system in which only a few number of optical channels is used with a relatively
large channel spacing.



Chapter 5

Crosstalk Mitigation in

WDM Systems

We demonstrate a substantial reduction in the interferometric e�ect of in-band
crosstalk in a monolithically integrated WDM optical cross-connect with the aid
of a phase scrambling technique. By using a proper phase scrambling format that
consists of baseband noise superimposed on a high-frequency sinewave, satisfactory
transmission at a modulation speed of 2.5 Gbit/s is possible even if the crosstalk
level per channel is around −15 dB. We observed that phase scrambling improves
the system performance of the optical cross-connect from an unacceptable high
penalty to a small penalty of less than 1 dB. This result demonstrates the feasibility
of optical networking employing integrated switching technologies by using phase
scrambling to increase the tolerance towards in-band crosstalk. The work has been
published in [85, 86].

5.1 Introduction

Phase scrambling has been investigated in chapter 4 as a means for mitigating
the interferometric e�ects of in-band crosstalk on an optical signal. This type
of crosstalk may occur in an integrated wavelength-selective device, such as an
InP-based optical cross-connect and an optical add/drop multiplexer. Due to the
small size of a few millimeters and the fast switching speed of a few microseconds
or even nanoseconds, monolithically integrated optical devices are very attractive
for fast switching applications, such as routing and protection [21, 90]. As a disad-
vantage, the integrated devices still show moderate crosstalk levels [105], although
considerable improvements have been achieved recently using two identical phase
arrays [106] and a dilation technique [91, 107].

A theoretical study of phase scrambling for single-channel transmission has
been presented in the previous chapter. In this chapter, we discuss the application
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of the phase scrambling technique in a WDM system. The performance of WDM
systems with and without the use of phase scrambling are compared in order to
assess the e�ectiveness of phase scrambling in reducing the impact of crosstalk.
Subsequently, we use phase scrambling to improve the system performance of
an InP-based WDM optical cross-connect that su�ers from high crosstalk levels.
Transmissions at a speed of 2.5-Gbit/s show an error oor at 10−8. With the aid of
phase scrambling, error-free transmissions with a penalty of less than 1 dB become
possible. This result demonstrates the potential of phase scrambling in WDM
networks employing optical cross-connects for which the crosstalk performance
does not yet fully comply with the stringent telecommunication requirements.

5.2 Integrated Optical Cross-Connects

Nowadays, advanced wavelength-selective system devices, such as WDM cross-
connects, used in experiments are assembled from bulk components and are,
therefore, costly and voluminous. The costs presently involved are prohibitive
for large-scale application of optical cross-connected networks. Only for speci�c
applications, such as at the highest levels of the network, using bulk optical com-
ponents can be economical because many users can share the costs. For broader
application, however, both cost and size of the key WDM devices will have to be
reduced. Looking at the present achievements [22], monolithical photonic integra-
tion can lead to a drastic reduction of the size and the number of �ber connections,
thus decreasing the costs.

5.2.1 Building Blocks

Similar to the bulk ones, the integrated WDM devices have to perform three
basic operations, namely demultiplexing, space switching, and multiplexing. These
WDM functions are schematically shown in Figure 5.1.

Incoming WDM signals are spatially separated by demultiplexing them to sep-
arate optical paths. Afterwards, the wavelength channels are sent to an array of
optical space switches where they are switched to select a desired output path. At
the output, the di�erent channels are multiplexed into output �bers.

There are various designs for realizing such a WDM device. One of those de-
signs is proposed in [1]. In that design, the demultiplexing function is performed by
a combination of an optical power splitter and a wavelength selector. Each optical
switch receives di�erent wavelength channels before the channels are combined.
For channel multiplexing, the design uses an optical combiner. There are three
disadvantages in this design. First, the switches should have broad pass-band char-
acteristics in order to operate with di�erent wavelength channels. Second, since
each optical switch can have di�erent wavelength channels, the channels of the
same nominal wavelength from di�erent switches can be combined at the output,
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Figure 5.1: Three basic operations performed by a WDM system device: wave-
length selection by demultiplexers, wavelength switching by optical
space switches, and wavelength combining by multiplexers. �̂ is not
necessarily the same as �.

causing wavelength conicts. Third, the design introduces a high intrinsic loss
that is caused by the use of optical splitters and combiners.

As high performance optical components become increasingly available, a bet-
ter design is proposed in [26]. In this design, the use of power splitters and com-
biners is replaced by optical wavelength (de)multiplexers. Also, the switches are
designed to only receive optical channels of an equal nominal wavelength. The
broad pass-band requirement for switches can therefore be relaxed and the chan-
nel switching becomes better manageable since it is not possible to route channels
of the same nominal wavelength to the same output �ber.

Two optical devices are essential for building WDM optical nodes, namely an
optical add/drop multiplexer and an optical cross-connect. An add/drop multi-
plexer terminates one or more wavelength channels and adds new data on those
wavelength channels, while it simply passes on the other wavelength channels. An
optical add/drop multiplexer can be constructed with an optical demultiplexer-
multiplexer pair of which one or more ports are used for dropping and adding
wavelength channels. By inserting switching elements between the demultiplexer
and multiplexer, we can select which and how many wavelength channels should
be dropped from and added to a network. Hence, the network exibility can
be increased considerably. Figure 5.2 shows a schematic of an optical add/drop
multiplexer.

A cross-connect routes wavelength channels among trunk lines that intersect
at nodes of a ring or meshed WDM network. Cross-connects can provide networks
with restoration and recon�guration functions to accommodate uctuations in the
traÆc load by controlling the switches to route the wavelength channels to selected
output �bers. Figure 5.3 gives a schematic of aN×N×M cross-connect comprising
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Figure 5.3: An optical cross-connect consists of N 1×M WDM demultiplexers,
M N×N space switches, and N M×1 WDM multiplexers.

N input �bers, N output �bers, and M switching elements for cross-connecting
M wavelength channels in each �ber. A demultiplexing stage is attached to each
input �ber and a multiplexing stage to each output �ber. In between, a �-layer
that has an optical switch for directing each wavelength channel to a selected
multiplexer, is built. Each multiplexer puts M wavelength channels into a single
output �ber.
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Figure 5.4: Layout of a WDM optical cross-connect using a single phased ar-
ray (de)multiplexer. The cross-connect is capable of switching four
channels from two inputs to two outputs.

5.2.2 Realization of Cross-connects

An integrated optical cross-connect can be built with N separate phased array
(PHASAR) demultiplexers, N separate PHASAR multiplexers, and M optical
Mach-Zehnder Interferometric (MZI) space switches in between. A 2×2×M cross-
connect is the easiest to implement because it only requires one 2×2 switch on
each �-layer.

The topological con�guration of the 2×2×M optical cross-connect requires
four PHASARs (two demultiplexers and two multiplexers). PHASARs can be
considered as waveguide type WDM multiplexers and demultiplexers. In prac-
tice, one can attach more input and output �bers to a single PHASAR to form
a static wavelength router [89]. Typically, the two input �bers are connected to
one PHASAR that simultaneously demultiplexes both inputs. Likewise, both out-
put �bers are connected to one PHASAR that multiplexes signals for each output
�ber. The demultiplexing and subsequently multiplexing functions in a single
PHASAR structure are demonstrated in [87] for a four-channel add/drop multi-
plexer. Ref. [88] uses a single PHASAR structure to construct a 2×2×4 WDM
cross-connect. This is schematically shown in Figure 5.4. In that structure, each
wavelength channel passes through the PHASAR twice in an opposite direction
before entering the output �bers. In the �rst pass, the PHASAR acts as a demul-
tiplexer and in the second pass it acts as a multiplexer. If separate PHASARs are
used for demultiplexing and multiplexing, any wavelength misalignment between
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the two PHASARs, due to the non-uniformity in the chip substrate, will cause an
increased loss. Therefore, one advantage of using a single PHASAR structure in a
complex WDM system device is that a perfect spectral alignment can be achieved.
A disadvantage of the single PHASAR WDM device is that the output channels
are prone to in-band crosstalk. Scattered light from one input may directly access
waveguides of the other input. This will result in an increased in-band crosstalk
level in the output ports. One way to reduce the in-band crosstalk while keep-
ing the extra mismatch loss small is to use separate PHASARs that are closely
positioned on a chip substrate. Each PHASAR is attached with an input-output
pair, allowing only counter-propagating light to appear in the PHASAR. Figure
5.5 presents a realized double PHASAR cross-connect [106]. In Figure 5.5, the di-
rection of input light is opposite to output light since the input and output �bers
are located at the same edge of the PHASAR structure.

On the path of each wavelength channel (�-layer), an optical 2×2 space switch
is located. The wavelength channels can be routed to a desired output by switch-
ing the states on the �-layer. Important characteristics of the switches are the
switching speed and crosstalk. A MZI-based space switch on InP technology uti-
lizes electro-optic e�ects to guide the incoming light to a desired output. Since
the electro-optic e�ects take a relatively very short time (around nanoseconds)
to accomplish a desired phase change in one of the MZI branches, this type of
space switch is suitable for fast switching applications. In addition to switching
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Figure 5.6: Photograph of a packaged WDM optical cross-connect.

speed, the MZI space switch has various excellent properties, such as low-power
consumption, easy fabrication, and ease of integration with the PHASAR. A dis-
advantage of MZI switches, however, is high crosstalk levels of around −25 dB.
Recent progress in improving the crosstalk performance shows that by using di-
lation and optical absorbers the crosstalk can be decreased considerably to under
−40 dB [107].

5.2.3 Packaging of Integrated Cross-connects

Prior to the use of phase scrambling in a WDM cross-connect test-bed, multiple
connections of the standard single-mode �bers to the cross-connect chip are op-
timized and stabilized. For an InP-based optical chip, the �ber-chip coupling is
especially diÆcult due to the large mismatch of the mode shape and mode size of
the �ber and the input/output waveguides of the chip. The �ber mode is circular
and the �ber size is typically about 10 micrometer in diameter. The waveguide
mode is strongly elliptical and its dimension is about 3×1 �m2. Hence, an array
of microlenses or other beam-transforming mechanisms have to be used between
the �bers and the chip.

Another diÆculty in handling of InP-based devices is the thermal character-
istics of InP, which di�er very much from those of materials usually used to sup-
port the �ber arrays. The �ber-chip coupling performance will depend on the
ambient-temperature uctuation. However, for a limited number of input/output



96 Crosstalk Mitigation in WDM Systems

ports, alignment and stabilization of the coupling mechanism has been successfully
demonstrated in [108]. We use this mechanism to optimize the coupling eÆciency
of our test-bed to the cross-connect.

Figure 5.6 shows a photograph of the realized WDM cross-connect chip in a
package. The input and output tapered lensed �bers are �xed on silicon V-grooves
and the chip is located on an aluminium nitride submount. The switch contacts
are wire-bonded to the submount and are led out of the package using electrical
pins. The package has a temperature controller for �ne-tuning the cross-connect
wavelengths and four supply lines for activating the MZI space switches.

In the next section we discuss the implementation of phase scrambling in a
WDM system, which employs an integrated cross-connect. The goal is to evaluate
whether or not the phase scrambling technique can reduce the e�ect of optical
crosstalk on system performance. First, a general WDM setup comprising an
unbalanced Mach-Zehnder interferometer will be examined experimentally. Then,
experimental results of a WDM system employing a packaged optical cross-connect
will be elaborated. For these experiments we will use the single PHASAR cross-
connect because of its higher crosstalk �gures and lower optical losses than the
double PHASAR cross-connect.

5.3 Phase Scrambling in WDM Systems

As an important step towards the implementation of the phase scrambling tech-
nique in a multi-channel WDM system, this section investigates experimentally
the feasibility of this technique in relaxing the e�ect of crosstalk on WDM signals.
To carry out this feasibility study without assuming a speci�c WDM network ar-
chitecture, we upgrade the calibrated single-channel test-bed in in chapter 4 to a
multi-channel test-bed.

The upgraded multi-channel test-bed is schematically shown in Figure 5.7.
The number of channels available in the ACTS-APEX project is eight of which
four channels are modulated at 2.5-Gbit/s bitrate and the other four at 622-Mbit/s
bitrate. The signal format is 231−1 nonreturn-to-zero (NRZ) pseudorandom binary
sequence (PRBS). Figure 5.7 also shows the channel wavelengths. The 2.5-Gbit/s
channels (indexed by an even number) are located in the spectrum spaced by
3.2 nm or 400 GHz. The same spectral distance is also used for the 622-Mbit/s
channels (indexed by an odd number). The 8×1 (de)multiplexer in the test-bed
has a channel spacing of 1.6 nm or 200 GHz. To match the 1.6-nm spacing of
the (de)multiplexer, the 2.5-Gbit/s channels are spectrally interleaved with the
622-Mbit/s channels.

In the test-bed one external modulator is only available. Low-bitrate signals
with a high extinction ratio can easily be generated by a direct modulation scheme.
A high extinction ratio can lead to an increased receiver performance. Moreover,
spectrum broadening due to chirp, which is easily generated in high-bitrate signals
by direct modulation, should be kept small. This is required because we want to
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Figure 5.7: Test-bed for assessing phase scrambling in a multi-channel WDM
optical system.

make sure that only phase scrambling causes spectrum broadening. Therefore,
we use a direct modulation scheme for the 622-Mbit/s channels and an external
modulation scheme for the 2.5-Gbit/s channels.

In chapter 4 it was shown that an optimal crosstalk reduction factor can be
realized by baseband phase noise mixed with a high-frequency sinewave. Because
of the excellent mitigation performance in the single-channel test-bed, this phase
noise format with its optimized parameters is used in this experiment to decrease
the susceptibility of the eight WDM channels to optical crosstalk. The noise
parameters are the same as those in chapter 4. Hence, the noise bandwidth Bn is
200 MHz, the frequency ff is 2.5 GHz, and the modulation index a is � radians.
This phase scrambling noise will increase the spectrum with 75 pm, see Figure
4.14.

A commonly used measure to characterize the system performance is the power
penalty, which is related to the bit error rate (BER) at various bitrates. Figure 5.8
shows the penalty curves of an individual WDM channel: (a) for the 2.5-Gbit/s
channels and (b) for the 622-Mbit/s channels. The penalty performance of each
WDM channel shows a strong uniformity. The receiver sensitivity per channel
di�ers within only 1 dB, thanks to a uniform loss and bandwidth performance
of the WDM (de)multiplexers. For 1-dB penalty, it can be seen that up to −27
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Figure 5.8: Measured power penalties versus relative crosstalk for (a) four 2.5-
Gbit/s and (b) four 622-Mbit/s WDM channels.

dB crosstalk levels are tolerable without using phase scrambling. When the phase
scrambling technique is used, the maximum tolerable crosstalk level is shifted to
higher values of around −16 dB and −15 dB, thus relaxing the crosstalk require-
ment by 11−12 dB.

When the odd channels are considered, as shown in part (b) of Figure 5.8,
the 1-dB penalty without phase scrambling corresponds to a maximum tolerable
crosstalk level between −22 dB and −21 dB. Phase scrambling relaxes this level
to approximately −14 dB and −12 dB, respectively. These �gures correspond
to a crosstalk relaxation of 8−10 dB. This relaxation is signi�cantly lower than
the performance of an externally modulated 622-Mbit/s system as presented in
Figure 4.13 of chapter 4. The di�erence is thought to be caused by the continuous
variation of the wavelength carrier or chirp in the directly modulated laser source
even for sub-Gbit/s. This time-dependent wavelength variation is termed as chirp.
Under direct modulation, the carrier density and the temperature within the active
region of a DFB laser change with time. The carrier-density variation will result
in a refractive index and optical length variation, whereas the temperature will
further vary the dimension of the active region. These variations cause an evolution
of the laser wavelength along the waveform. At the binary transition, short-excited
frequency oscillations or transient chirp will occur as a consequence of carrier-
photon relaxation oscillations. Once the laser reaches its equilibrium after the
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binary transitions, the carrier density remains constant during the remaining bit
time but di�ers in magnitude for 1's and 0's. Therefore, the central wavelength for
1's will be spectrally located lower than that for 0's. This phenomenon is termed
as adiabatic chirp.

In addition to the transient and adiabatic chirp, another chirp mechanism
causing a few gigahertz spectral shifts has been observed to occur especially in
sub-Gbit/s bitrates [109, 110]. The thermal chirp has a typical duration of 10{
20 ns and it is primarily caused by the thermal evolution in the active region in
response to injection heating. For a directly modulated laser source, the vari-
ous chirp mechanisms will broaden the laser spectrum beyond the original laser
linewidth and the modulation speed, causing an increased spectrum of the signal-
crosstalk beat. Subsequently, the �nite bandwidth of the optical receiver will �lter
the broadened spectrum, thereby improving the system performance. Therefore,
WDM systems using externally modulated laser sources impose a more stringent
crosstalk requirement on WDM devices than systems using directly modulated
lasers.

To conclude this section, one may say that a signi�cant reduction in the
crosstalk requirement for an individual WDM channel can be achieved by us-
ing just one phase scrambler. To have a maximum reduction, phase scrambling
parameters are optimized for the highest channel rate in the WDM system. Larger
scrambling frequencies will cause a larger amount of the signal-crosstalk beat power
being shifted to outside the detection bandwidth. This results in a better crosstalk
reduction factor. The measured crosstalk reduction per channel is listed in Table
5.1.

5.4 Cross-Connects with Phase Scrambling

This section is divided in two parts. As a preliminary step to experiments with
phase scrambling, the cross-connect is characterized to determine the device perfor-
mance, concerning optical losses and crosstalk levels. Subsequently, experiments
with phase scrambling on the test-bed employing the optical cross-connect are
described.

5.4.1 Device Performance

Since the performance of a WDM system largely depends on the performance of
the constituent optical devices, it is useful to characterize the cross-connect before
performing experiments with phase scrambling in the WDM test-bed. Crosstalk
performance of the device as a function of wavelength is particularly important in
our case because it will be used as a performance measure on how phase scrambling
mitigates the e�ect of optical crosstalk.

Characterization of a cross-connect can be done using the spontaneous emission
spectrum of an optical ampli�er as a broadband light source. As a detector, an
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Maximum Crosstalk

Wavelength Central Modulation for 1-dB penalty Crosstalk

Channel Wavelength Rate without PS with PS Reduction

Number [nm] [Gbit/s] [dB] [dB] [dB]

1 1549.32 0.622(D) −20.6 −13.8 6.8

2 1550.92 2.5(E) −25.8 −15.0 10.8

3 1552.53 0.622(D) −21.0 −14.2 6.8

4 1554.13 2.5(E) −25.6 −16.0 9.6

5 1555.75 0.622(D) −21.9 −13.4 8.5

6 1557.36 2.5(E) −26.1 −15.0 11.1

7 1558.98 0.622(D) −21.0 −12.4 8.6

8 1560.61 2.5(E) −26.8 −14.6 12.2

Table 5.1: Crosstalk performance of an eight-channel WDM setup using phase
scrambling. (D)=direct modulation, (E)=external modulation,
PS=phase scrambling.

optical spectrum analyzer with a high sensitivity and a high-resolution bandwidth
is needed because the spectral output power of the optical ampli�er is relatively
low. From the measured spectra, the device performance can be deduced in terms
of crosstalk and loss. The spectral response can therefore be determined for each
input-output and for each state of the MZI switches.

The crosstalk of the WDM cross-connect is de�ned as the ratio between the
signal peak power of a desired input and the peak power coming from the undesired
input, measured at the same output. Since the desired path depends on the cross-
bar switch status, there are a number of crosstalk �gures that can be derived from
the cross-connect. For this experimental study, we choose the switch status that
can reduce the complexity of the cross-connect test-bed. Since no voltage over the
switches will result in the cross-state, it is advantageous from a practical point of
view to put the cross-connect in the cross-state.

The optical loss of the cross-connect is de�ned as the signal peak power of
the output of the desired path, compared with the output power of the optical
ampli�er. Because the power of the optical ampli�er is taken as a reference, the
loss represents a total loss including the �ber-chip coupling. Figure 5.9 shows
the spectral response as measured at both outputs of the cross-connect when all
switches are in cross-state. In each plot the solid curve represents the desired
response and the dashed curve is the crosstalk response. The �ber-to-�ber losses
vary between 26 dB and 29 dB for all channels. Given the averaged loss of the chip
itself, 15 dB according to [88], the �ber-to-chip coupling loss amounts about 6−7
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Figure 5.9: Measured spectral response of the single-PHASAR 2×2 optical
cross-connect. The solid curve represents the desired response and
the dashed curve is the crosstalk response.

dB. This loss is close to the expected loss, which is based on the mode mismatch
between the tapered �ber and the chip, i.e. 4 dB. The crosstalk levels are quite
high, with a maximum crosstalk level of around −15 dB.

In the next section we look at system performance of the cross-connect as a re-
sult of these high crosstalk �gures and the improvement in the system performance
when phase scrambling is used.
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Figure 5.10: WDM test-bed for system evaluation of an optical cross-connect.

5.4.2 System Performance

The packaged four-channel single PHASAR cross-connect is placed in a WDM test-
bed as shown in Figure 5.10. Basically, the experimental arrangement is similar
to that in Figure 5.7. The MZI structure used to create the signal and crosstalk
path, is replaced by the cross-connect. The number of lasers is reduced to comply
with the number of wavelength channels of the cross-connect. At the transmitter-
end, four signals corresponding to the cross-connect wavelengths are modulated
externally by a 231−1 NRZ PRBS at 2.5-Gbit/s bitrate. These signals are sent to
the phase scrambler with the scrambling parameters of ff=2.5 GHz, a=� radians,
and Bn=200 MHz. These parameters are chosen based on the result in Table 5.1.

The multi-channel signals are ampli�ed by an erbium-doped �ber ampli�er
(EDFA) and split in two, one part leading directly to one of the inputs of the
cross-connect. The other part, after a delay of 12 m for decorrelating the signals
in phase and in bitstream, is coupled to the second input of the cross-connect.
The delay length is longer than the laser coherence length of 1{2 m, causing
incoherent in-band crosstalk to be the main interferer. To compensate for losses
induced by the cross-connect, an additional EDFA is inserted directly after the
cross-connect. Afterwards, the output signals are demultiplexed and one of the
channels is selected, passed through a variable attenuator, and is detected by a
photodiode. After clock and data recovery, the errors are counted by the BER
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analyzer as a function of the received power.
To quantify system performance of the cross-connect, we use power penalty.

The penalties due to optical crosstalk in the cross-connect are measured by taking
input powers corresponding to a BER value of 10−9. As a reference, the BER of
a scheme in the absence of optical crosstalk is used, i.e. light is coupled only in
one input. Measured BER performance for all four channels is shown in Figure
5.11 for three situations: no crosstalk, crosstalk without phase scrambling, and
crosstalk with phase scrambling. The desired input-output path is i1→o2 and the
device performance of that path is shown in the upper part of Figure 5.9. The
receiver sensitivity for both channels in case of no crosstalk (◦) is measured to
be around −25.6 dBm for BER=10−9. When both inputs of the cross-connect
are used (3), channel 1 performs slightly worse than the other channels due to
its larger crosstalk level. The BER values show error oors at 10−7 and 10−8,
corresponding to an unacceptable large penalty. For this performance, high quality
transmissions using the cross-connect become impossible. It should be noted that
due to the bounded probability function, the crosstalk e�ect does not necessarily
lead to an error oor. The error oor in Figure 5.11 is largely caused by ASE noise
of the optical ampli�er, which has a Gaussian-shape probability density function.

Using phase scrambling (�) with the optimized scrambling parameters (a=�,
ff=2.5 GHz, Bn=200 MHz), the e�ect of optical crosstalk is signi�cantly reduced
in all wavelength channels. The receiver input power is −25 dBm to reach the
target BER of 10−9. This means that the phase scrambling parameters reduce
the crosstalk penalty to just 0.6 dB, which is in good agreement with the values
presented in Figure 5.8(a). In general, one may conclude that thanks to phase
scrambling, error-free transmissions in WDM systems become possible using an
optical crosstalk whose crosstalk levels are up to −15 dB.

Theoretical results shown in Figure 4.15 were derived using Gaussian assump-
tion for strongly �ltered optical crosstalk. The theoretical model predicts a penalty
value of 0.8 dB for a crosstalk level of −15 dB. Higher than −15 dB will result
in a very large penalty. Compared to the experimentally obtained penalty values,
we may conclude that the experiment and the theory are in close agreement, and
they di�er by only 0.2 dB, which is negligibly small.

5.4.3 Performance of Cascaded Cross-Connects

An important issue for any network architecture is cascadibility of optical nodes.
In order to keep the network upgradable, it should be possible to increase the inter-
connectivity of the sub-networks by using one or more cross-connect nodes. In this
way, the routing possibilities of data signals from transmitters and receivers will
increase, which in turn will enhance the survivability and exibility of the network.

Until now, we have considered the performance of optical signals that are cross-
connected by only a single cross-connect. In practical situation, however, there
might be several switching nodes in the transport network before an optical signal
reaches its destination. Due to imperfect optical components in the nodes, each
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Figure 5.11: System performance expressed in BER values of all wavelength
channels: (a) channel 1, (b) channel 2, (c) channel 3, and (d)
channel 4. ◦=no crosstalk, 3=crosstalk, �= crosstalk and phase
scrambling
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node will add optical crosstalk to desired signals. The more nodes are traversed
the more crosstalk sources will arise. In this section, the impact of cascaded optical
cross-connects on the performance of a desired WDM signal is studied.

Because only one optical cross-connect is fully packaged, we use a loopback
scheme to form optical transmission that doubly passes through the cross-connect.
The scheme is presented in Figure 5.12(a). Since the cross-connect is in the cross-
state, light from input i1 will be passed to output o2 and i2 to o1. By connecting
o2 to i2 WDM signals coupled in input i1 will have traversed twice through the
cross-connect before arriving at the receiver section. As a consequence, the optical
signals will be disturbed two times by their delayed replica's in the cross-connect.
The signals in i1→o2 will be interfered by a fraction of the signal in i2→o1, and
vice versa. The �ber between o2 and i2 is 12 meter long. This �ber length ensures
that the inputs of the cross-connect are phase-decorrelated.

In Figure 5.9(b), the spectral response of i2→o1 shows a similar response as
that of i1→o2. The loss performance is relatively high, varying from 26 dB to 29
dB and the crosstalk performance for each channel is between −16 dB and −18
dB. Due to the power loss of 25−26 dB for each pass through the cross-connect, an
optical ampli�er is used as a booster for each input and another optical ampli�er
as a pre-ampli�er of the receiver section. Two EDFAs with 25-dB gain and 5-dB
noise �gure and one semiconductor optical ampli�er (SOA) with 20-dB gain and
11-dB noise �gure are available for this experiment. The EDFA is better suited as
an optical pre-ampli�er than the SOA because of its lower noise �gure. Selection of
WDM channels for BER evaluation and the suppression of the out-band ampli�ed
spontaneous emission (ASE) noise of the optical ampli�ers is done by the WDM
demultiplexer.

Measurements of the performance of all channels show a similar trend as in
Figure 5.6. The performance is remarkably improved when phase scrambling is
used. As typical BER values for this experiment, we present in Figure 5.12(b) the
BER curves of channel 2. Results of three operational schemes are depicted: no
crosstalk source (◦), crosstalk but without phase scrambling (3), and crosstalk
and using phase scrambling (�). The BER curve of a single pass and no crosstalk
in the cross-connect is taken as reference. Inspite of the increased in-band ASE
noise and crosstalk contribution in the desired signal, we can still observe a sub-
stantial improvement in the system performance when phase scrambling is used.
In the absence of phase scrambling, the crosstalk and spontaneous noise impair the
system performance severely. The BER curves show an error oor at 10−6. In the
presence of phase scrambling, we can improve the performance to approximately
−22.2 dBm for BER=10−9. This result means that after traveling twice through
an optical cross-connect whose crosstalk �gure is −15 dB, an optical signal will
su�er a penalty of only 3.2 dB. This remarkable improvement again demonstrates
the e�ectiveness of phase scrambling in reducing the crosstalk e�ect on optical
devices, and thereby relaxing the crosstalk requirements on WDM devices.

In addition to the experiment, theoretical assessments on the system perfor-
mance are made as a function of a number of crosstalk sources. The theoretical
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Figure 5.12: (a) Experimental setup for analyzing the e�ectiveness of phase
scrambling on WDM signals which have passed twice through the
cross-connect and (b) Error performance versus received powers:◦=no crosstalk, 3=crosstalk, �= crosstalk and phase scrambling

assessment for two crosstalk sources, each having −15 dB crosstalk, shows an error
oor at 10−5 in the absence of phase scrambling. With the aid of phase scrambling,
the theory gives an estimated BER value that corresponds to a penalty level of
approximately 4.5 dB. This value is slightly higher than the value obtained in the
experiment. In theory, we have characterized each cross-connect with a crosstalk
performance of −15 dB. However, the crosstalk level of the experimental cross-
connect in channel 2 is −15 dB for i1→o2 and −17 dB for i2→o1. Because of
the di�erent crosstalk performance, the calculation has resulted in a slightly worse
system penalty than the measured value. In addition to that, phase scrambling
reaches its maximum mitigation performance for crosstalk levels of around−15 dB.
This is indicated by a steep increase in the penalty values of a 2.5-Gbit/s WDM
system when the crosstalk levels are larger than −15 dB, see Figure 5.8(a). Nev-
ertheless, the theoretical results also show signi�cant improvements in the system
performance of a cross-connected WDM network if phase scrambling is used.

To this end, the analysis is done without taking the e�ect of transmission �bers
into account. The e�ectiveness of phase scrambling is limited by the interplay
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between the spectral broadening and the �ber dispersion on one hand and the
WDM channel spacing on the other hand. Broader spectra will not only incur
a larger dispersion penalty in transmission through optical �bers, but they may
also exceed the very small channel spacing in a dense WDM network. As an
illustration, the 75-pm increased spectral width using the band-pass phase noise
is equivalent to an increased channel spacing of 10 GHz. If a 2.5-Gbit/s WDM
system is operated with phase scrambling, then one should take into account an
extra channel spacing of about 10 GHz.

When the channel spacing is suÆciently large to allow the use of phase scram-
bling, it is interesting to know the maximum number of cross-connects that can be
placed in an optical network. For integrated WDM devices with −15 dB crosstalk,
as the single-PHASAR cross-connect, it is clear that the system penalty increases
dramatically when the number of the cross-connects is more than two. This num-
ber can be increased when cross-connects with a better crosstalk performance are
used. For instance, theoretical results predict that it is possible to install at least
three cross-connects in the network if their crosstalk performance is better than
−20 dB. The prediction is made for a system penalty of 2 dB since the phase
scrambling introduces a dispersion penalty of as much as 1 dB after 200 km. It
should be noted here that the calculation is made on an assumption that the ac-
cumulated ASE noise is largely suppressed by a narrow-band optical �lter at the
input of each cross-connect.

5.5 Conclusions

We have demonstrated in this chapter the e�ectiveness of phase scrambling in
mitigating the interferometric e�ects of in-band crosstalk in WDM systems. The
�rst experiment, the eight-channel WDM system operating at 622 Mbit/s and 2.5
Gbit/s, is assessed on a MZI-like system test-bed in which crosstalk powers can
be varied with respect to the signal power.

The choice of the band-pass phase noise as scrambling noise is motivated by
its performance in reducing the e�ects of optical in-band crosstalk on a desired
signal on one hand and in keeping the dispersion penalty of phase-scrambled signal
suÆciently small on the other hand. It has been shown in the experiment that
the system performance of the WDM channels is considerably improved by using
this phase scrambling noise. Crosstalk values of up to −15 dB for 2.5 Gbit/s and
even better up to −12 dB for 622 Mbit/s can be tolerated in the WDM system,
allowing a system penalty of just 1 dB.

In the second experiment, a four-channel integratedWDM optical cross-connect
is used to evaluate the e�ectiveness of phase scrambling in a cross-connected WDM
network. In the absence of phase scrambling, no proper transmission can be done
through the cross-connect because of the high crosstalk levels of −15 dB in each
channel. By using phase scrambling, error-free transmissions with a small penalty
of less than 1 dB become possible.
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The experiment is extended to assess the cascadibility of the cross-connect.
Using a loopback con�guration in the test-bed, we can construct a doubly cascaded
cross-connected network. The measurement and theory still show an improved
performance with penalties of approximately 3−4.5 dB.

System performance of several cross-connects in an optical network is theoreti-
cally assessed. For a system penalty of 2 dB, we have observed that the number of
cross-connects increases if the crosstalk �gure is decreased. Three cross-connects
can be put in cascade if their crosstalk �gures are around −20 dB.

In general, phase scrambling can e�ectively reduce the destructive e�ect of
optical crosstalk on desired WDM signals, and as such enables network operators
to work with advanced WDM devices whose performance is degraded very much
by high crosstalk levels.



Chapter 6

Multi-Wavelength Receivers

Performance assessments of an integrated multi-wavelength WDM receiver are pre-
sented. The WDM receiver consists of a phased array demultiplexer and planar
waveguide photodetectors, monolithically integrated in an InP-based chip. The
optical chip is hybridly mounted and connected to an array of trans-impedance
pre-ampli�ers on a thermally stabilized aluminium-nitride printed circuit board. A
receiver sensitivity of approximately −25.5 dBm can be obtained for a bit error
rate of 10−9 at a bitrate of 622 Mbit/s. The results presented in this chapter are
partly published in [111].

6.1 Introduction

During the last years the number of channels in optical networks has dramatically
increased. High-capacity WDM systems employing 40 channels or more are be-
coming commercially available for the telecom market. A large part of the cost of
those WDM systems is caused by the optical transmitters and receivers. Present
WDM transmitters and receivers are constructed using voluminous and expensive
discrete single wavelength devices. Integration of a large number of transmitters
and receivers in a single optical chip will lead to a substantial volume and cost
reduction for WDM systems, which is of interest for system manufacturers and
network operators.

As one of the key elements in advanced WDM devices, a wavelength demulti-
plexed receiver capable of resolving the wavelength channels, detecting, and ampli-
fying the signals has attracted increasing interest worldwide. Research has been in
progress in several laboratories towards the realization of such a WDM receiver,
see e.g. [18]. Early work employed bulk optics in a miniature package to sepa-
rate the optical signals, which were then directed to a one-dimensional array of
photodetectors. Photodetectors were wirebonded to an array of electrical am-
pli�ers [112]. A hybrid module is reported in [113], which comprised a SiO2/Si
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Figure 6.1: Schematic layout of a multi-wavelength receiver.

at �eld spectrograph, an 8-channel InGaAs/InP p-i-n photodetector array, and
commercial silicon bipolar electrical pre-ampli�ers.

Monolithical integration in realizing WDM receivers has also been reported. A
four-channel WDM receiver with the integration of demultiplexing and detection
functions on a single InP chip was reported in [114]. Furthermore, an eight-channel
WDM receiver with an array of electrical pre-ampli�ers has been demonstrated
in [115, 116].

In this chapter, we report a development of a WDM receiver chip with in-
tegration of a phased array (PHASAR) demultiplexer and photodetectors to a
single InP-based photonic chip. Commercially available low-noise electrical pre-
ampli�ers are connected to the photodetectors on a printed circuit board (PCB).
The realized WDM receiver module is pigtailed and packaged for performance
assessment. System performance of single-channel as well as simultaneous multi-
channel operation is presented. First an introduction to multi-wavelength receivers
is given and then a few design issues are briey addressed.

6.2 Scheme of Multi-wavelength Receiver

The schematic layout of an integrated demultiplexer and detectors is depicted in
Figure 6.1. The central part is formed by a PHASAR-based router with N input
and N output waveguides, two star couplers, and the waveguide array section.

The operation principle of a WDM receiver can be understood as follows. When
a multi-wavelength signal (�1; · · · ; �M ) is launched into one input waveguide, the
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PHASAR spatially resolves theM -wavelength signal, sending one wavelength into
each output waveguide. Each signal is guided to a p-i-n photodetector, generating
a photocurrent. A front-end ampli�er boosts the photocurrent to match an input
voltage required for a decision circuit. In the output of the ampli�er, an output
voltage (V (�1),· · · ,V (�M )) is generated for each of the M wavelength signals.

In a best-e�ort approach, a WDM receiver is realized to match the speci�ca-
tions of the ACTS project APEX. The PHASAR is designed for a channel spacing
�� of 400 GHz or 3.2 nm in the 1.5-�m transmission window. The number of
wavelengths is M=4, i.e. 1551.0, 1554.2, 1557.4, 1560.6 nm. To ensure a uniform
power distribution among the target wavelength channels, the number of PHASAR
inputs and outputs is chosen much larger than the number of wavelength chan-
nels [21]. In our case N=12. The free spectral range (FSR) of the PHASAR
becomes FSR=N��=38:4 nm or 4.8 THz. In addition, this large FSR causes
the high-order passbands being moved to outside the passband of a conventional
erbium-doped �ber ampli�er (EDFA). Although the target was to have a receiver
for four WDM channels, it was chosen to make eight detectors to increase the yield
of a working channel.

In the design of the WDM receiver, issues of great importance that are related
to system performance are optical and electrical crosstalk. Since the aim is to
integrate as many detectors as possible within a square centimeter, the detectors
should be placed close to each other on the same substrate of the chip. The risk of
electrical crosstalk increases as the distance between the detectors becomes shorter.
Therefore, a compromise should made to reduce the risk of electrical crosstalk on
one hand and to allow the largest possible number of detectors in a single chip.

The layout of the realized WDM receiver is depicted in Figure 6.2. Eight
photodetectors are connected to eight waveguides of the PHASAR. Additional
waveguides are made for optical characterization of the PHASAR because the
PHASAR should have the speci�ed wavelengths. The photodetectors are dis-
tributed symmetrically on both sides of the PHASAR in order to minimize the
e�ects of electrical crosstalk. A detailed description of the fabrication process of
a WDM receiver can be found in [117]. The receiver size is 3×5 mm2.

6.3 Optical Properties

Optical wavelength separation is performed by the PHASAR demultiplexer. Im-
portant characteristics of a wavelength demultiplexer are insertion loss and optical
crosstalk. The insertion loss is the input-to-output loss of the demultiplexer, for
signals at the central wavelengths. This loss should be as low as possible and
polarization independent to achieve good performance, because the polarization
of the incoming multi-channel signal is unknown and varies in time. To minimize
polarization-dependent properties of the PHASAR demultiplexer, a polarization-
dispersion compensation section is inserted in the middle of the demultiplexer as
a triangularly-shaped pattern in Figure 6.2. This compensation section consists
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Figure 6.2: Layout of the realized WDM receiver. A PHASAR has twelve inputs
and twelve outputs. Eight photodetectors are located on both sides
of the PHASAR.

basically of array waveguides that have a di�erent birefringence from the original
PHASAR waveguides. Each signal will therefore experience a polarization shift
along the compensating waveguides. The length of these waveguides can be chosen
properly such that the optical path length di�erence between adjacent array arms
is equal for both TE/TM polarization states. This will result in a polarization
independent PHASAR operation [22].

In WDM systems, laser wavelengths should be stabilized. However, a small
wavelength drift can occur along transmission paths. To accommodate small
changes in the operating wavelengths, a WDM demultiplexer should have at pass-
bands. At the same time, the passband skirts should decrease sharply to suppress
the undesired adjacent wavelength channels. The energy of adjacent channels,
which is not suppressed, is seen as optical crosstalk in a desired channel. The
crosstalk suppression of the demultiplexer is de�ned as the relative power passed
through from the adjacent channels. The e�ect of optical crosstalk due to a �nite
side-channel suppression of the PHASAR demultiplexer will be evaluated later in
this chapter.

The wavelength responses of the PHASAR demultiplexer are depicted in Figure
6.3. For each WDM channel, the spectral response is obtained by measuring each
photodetector that is connected to one of the PHASAR outputs. As a reference,
the wavelength response of the calibration photodetector is used. Some character-
istic performance of the WDM receiver can be found in Figure 6.3. The channel
spacing is close to the target spacing of 3.2 nm and the channel bandwidth is 1.3
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channel
number

Figure 6.3: Wavelength responses of the WDM receiver.

nm (measured with 0.1-nm resolution bandwidth). The adjacent-channel suppres-
sion of the demultiplexer is approximately 25 dB, except for channel eight, which
has a much larger background current. The polarization-dependent response that
describes a wavelength-response mismatch of TE/TM polarization, is just about
0.5 nm.

Although the wavelength spacing �� matches the target spacing of 3.2 nm,
the wavelength response does not correspond with the ACTS-APEX wavelengths.
This is because the light is injected into an arbitrary input waveguide. To hit
the target wavelengths, a correct input waveguide should be found. Shifting one
input waveguide will shift the wavelengths in the output by one channel spacing.
In general, the design of a PHASAR is optimized for an inner-most channel in a
speci�ed wavelength-comb. By coupling the light of an innermost wavelength to an
innermost input waveguide, one can select the proper position of the wavelength
comb within one channel spacing. After the proper input waveguide is found, the
passband of the PHASAR is �nely tuned by adjusting the PHASAR temperature.

6.4 Electrical Properties

Electrical properties of a WDM receiver are largely determined by a front-end
ampli�er, which is directly located after a photodetector. A front-end ampli�er
converts photocurrent of a photodetector into electrical voltage of the required am-
plitude. Important aspects involved in the design of complete WDM receivers are
the noise performance, the bandwidth performance, and the dynamic range. Two
kinds of front-end ampli�ers are widely used in optical communication systems.
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Figure 6.4: Equivalent circuit for a front-end ampli�er: (a) high-impedance and
(b) trans-impedance

They are the high-impedance and the trans-impedance front-end ampli�ers. The
equivalent circuits for these ampli�ers are shown in Figure 6.4. The capacitance
value C includes the capacitance due to the photodetector, the ampli�er input
capacitance, and other parasitic capacitance.

The main design issue is the choice of the load resistance RL. The thermal
noise that arises due to the random motion of electrons, is inversely proportional
to RL. Thus, the large RL guarantees a low thermal noise contribution. However,
the bandwidth BW of the photodetector, which sets the upper limit on the usable
bit rate, is inversely proportional to the output load resistance (say RO) seen
by the photodetector. For the high-impedance front-end ampli�er (HIA), the
photodetector sees a RO that is equal to RL. We should therefore choose RL
small enough to accommodate high bitrates. It is clear that for the HIA's there
should be a compromise between the bandwidth and the noise performance. For
the trans-impedance front-end ampli�er (TIA), the output load resistance RO seen
by the photodetector can be written as

RO =
RL
G+ 1

∼ 1

BW
; (6.1)

where G is the gain of the front-end ampli�er. It can be concluded from Equation
(6.1) that the bandwidth BW increases by a factor of G+1 for the same load
resistance RL. However, the thermal noise contribution for the same RL is higher
than that of a HIA due to the resistive feedback [118, 119]. Experiments have
shown that this increase is quite moderate (a factor usually less than 2) [23].

Another important consideration in the choice of the front-end ampli�er is the
dynamic range, which is de�ned as the di�erence between the highest and the
lowest signal levels at which an ampli�er can operate. For a �xed point-to-point
WDM network, the dynamic range may not be an important issue since the power
levels seen by the detectors are usually �xed to a certain range. But for other more
complex and exible routing WDM networks where the optical channels can be
switched and where the location of the transmitters is geographically spread, the
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signal levels can vary by a few orders of magnitude. In this case, detectors with a
large dynamic range are necessary. The larger dynamic range arises because large
variations in the photocurrent iph are translated into much smaller variations at the
ampli�er input, particularly if the ampli�er gain is large. For the high-impedance
ampli�er, the photocurrent variation �iph will cause a voltage variation across the
ampli�er inputs with a magnitude of

�VHIA = �iphRL: (6.2)

The current through the capacitance C is ignored in Equation (6.2). For a TIA,
the voltage change across the resistance RL due to �iph equals �iphRL. The
voltage variation across the ampli�er input caused by the feedback gain can be
expressed as

�VTIA =
�iphRL
G+ 1

: (6.3)

If the gain G is large enough, then the voltage variation in Equation (6.3) can be
kept small. As a result, the dynamic range will increase. Therefore, a TIA has a
better dynamic range than a HIA.

Due to the large dynamic range, large operational bandwidth, and moder-
ate noise performance, the trans-impedance front-end is chosen over the high-
impedance front-end for our WDM receiver. The trans-impedance ampli�er used
for the WDM receiver is a commercial ampli�er, which is designed for amplifying
signals of 622-Mbit/s bitrate. For characterization of the ampli�er, we use a test
circuit, which is similar to the circuit in Figure 6.4(b) and a commercial pigtailed
photodetector as an optical receiver. A laser source is modulated with a sinewave
signal with adjustable frequencies of up to 1 GHz. The frequency response of the
front-end ampli�er measured on an optical component analyzer is shown in Figure
6.5. The frequency response is obtained for a reverse bias voltage of −3.3 V over
the TIA. The frequency is varied from 300 kHz to 1 GHz. The measured 3-dB
bandwidth is approximately BW=620 MHz, which is much larger than the minu-
mum bandwidth required for detection of 622 Mbit/s. Hence, we have to insert at
the output an electrical �lter of narrower bandwidth, for instance BW=450 MHz.

6.5 Receiver Submount Properties

The WDM receiver chip that has been designed and fabricated by the Delft Univer-
sity of Technology is mounted on an aluminium nitride (AlN) submount on which
an array of the front-end ampli�ers are to be placed. On the AlN-submount, a thin
gold layer is applied for electrical contacts. The AlN material for the chip sub-
mount is used due primarily to its thermal conductivity (140 Wm−1K−1). Ther-
mal conductivity is an important parameter in the choice of a submount since the
PHASAR structure should be thermally adjusted to bring the PHASAR passband
to overlap with the desired wavelengths. Other electrical characteristics, such as
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Figure 6.5: Measured frequency response of a trans-impedance front-end ampli-
�er for the WDM receiver.

high dielectric constant (8.6) with low loss tangent (5×10−4), and high insulation
resistance (> 1012
), have facilitated the choice of an AlN substrate for the chip
circuit board.

The AlN submount is constructed on a solid copper block that is equipped with
a peltier element to adjust and stabilize the operational temperature of the chip.
For an optimal design of the electrical circuit, signal paths on the submount should
be closely surrounded by ground paths to contain electrical �elds in the substrate
of the submount, similar to the con�guration of a coaxial cable. For a planar circuit
board, a ground-signal-ground (GSG) con�guration should be used on the upper-
side, which is short-connected to the ground plane on the lower-side. This GSG
con�guration is shown in Figure 6.6(a). In that way, potential electrical crosstalk
between the photodetectors and the front-ends can be limited since electrical �elds
are guided to the ground plane through a short and low-impedance ground path.
However, since short electrical connection between the upper and lower plane of
the AlN substrate is not possible, the ground connection is used by an external
copper cable, as indicated in Figure 6.6(b). This construction causes an increased
susceptibility of the WDM receiver to electrical crosstalk since an unnecessary long
and inductive ground path is created.

Another diÆculty in the circuit design is that the front-end ampli�ers should
be located close together because the front-end inputs must be connected to the
bonding pads. Hence, one front-end can experience direct electrical interference
from the other front-ends. By creating ground paths close to each front-end, the
interference can be reduced.

Taking into account the constraints imposed by the dimension of resistor R and
capacitor C, the layout of the electrical circuit of the WDM receiver becomes as in
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Figure 6.6: Schematic picture of (a) ground-signal-ground con�guration and (b)
WDM receiver chip and front-end ampli�ers on an aluminium ni-
tride submount.

Figure 6.7. It should be noted that the front-end ampli�er has two outputs for a
di�erential-mode operation. We use only one output for each receiver. Therefore,
we terminate the other output with R=50
 to match the characteristics of the
circuit.

6.6 Detection Performance

When a number of wavelength channels enter an integrated WDM receiver, the
detection performance may be impaired by optical crosstalk between the channels,
electrical crosstalk between the front-ends, and detection noise. The detection per-
formance is quanti�ed by its sensitivity, which is de�ned as the minimum average
optical power to achieve a speci�ed bit error rate.

6.6.1 Optical Crosstalk

Optical crosstalk may appear in the WDM receiver if the PHASAR selects one
channel and imperfectly suppresses the other channels. This is schematically
shown in Figure 6.8(a). Since the channel spacing of a PHASAR is usually much
larger than the electrical bandwidth of a receiver circuit, crosstalk of the type elec-
trical out-band will occur. This terminology is in accordance with the terminology
used in Figure 2.1. In our WDM receiver, the electrical bandwidth is limited to
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500 MHz, which is much smaller than the channel spacing of 400 GHz. The re-
ceived photocurrent iph(t) for a bandwidth limited ideal detector can be written
as

iph(t) = Psbs(t) +

M−1X
m=1

Pmbm(t); (6.4)

where Ps;m and bs;m(t) are the optical power and the binary symbol of the signal
and the m-th crosstalk channel, respectively. Figure 6.8(b) illustrates the pho-
tocurrent caused by a single-channel out-band crosstalk. The desired signal is
disturbed by the power uctuations of the crosstalk channel. Since the deteriora-
tion depends only on the magnitude of crosstalk power, the error analysis can be
done using a power-addition approach [35].

To calculate the power penalty caused by optical crosstalk, we assume that
the dominant noise has Gaussian statistics. This assumption can be used because
the crosstalk is strongly �ltered, see e.g. [35, 49, 120]. Let P0;1 and �

2
0;1 denote the

received optical powers and the noise variances during a binary symbol 0 and 1,
respectively. The bit error rate (BER) for equally likely 1's and 0's and for an
optimized detection threshold is given by,

BER = Q
�
P1 − P0
�1 + �0

�
: (6.5)

The Gaussian tail probability Q(:) in Equation (6.5) is numerically calculated by

Q() = 1√
2�

Z ∞



exp
�−y2=2� dy: (6.6)
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Figure 6.8: Electrical out-band crosstalk in (a) WDM demultiplexer and (b)
photocurrent. This type of crosstalk occurs when the beat noise is
outside the detection bandwidth.

Let =Q−1(BER). For a BER of 10−9, we need ≈6. In the presence of crosstalk
signals, we denote P ′

0;1 and �2′0;1 being the received powers and noise variances,
respectively. Hence, ′ = (P ′

1−P ′
0)=(�

′
1+�

′
0). For an optimized decision threshold,

the power penalty (Pen) in decibels is given by,

Pen [dB] = −10 log
�
′



�
= −10 log

�
(P ′

1 − P ′
0)=(�

′
1 + �′

0)

(P1 − P0)=(�1 + �0)

�
: (6.7)

When an optical receiver is limited by the thermal noise, we can set �0=�1=�
′
0=�

′
1.

Hence, the power penalty in Equation (6.7) for a signal having a high extinction
ratio (P0�P1) can be expressed as

Pen [dB] = −10 log
"
1−

M−1X
m=1

"m

#
; (6.8)

where "m = Pm=Ps is the power of the m-th crosstalk channel relative to the signal
power. The power penalty as a function of relative crosstalk power per channel
in an M -channel WDM receiver is shown in Figure 6.9. For a 2-dB penalty, a
four-channel WDM receiver can have crosstalk powers of up to −10 dB per chan-
nel. Moreover, a PHASAR demultiplexer, which has a side-channel suppression
factor of 25 dB will cause a negligible penalty in four or even eight-channel WDM
receivers. This small penalty indicates that a WDM receiver is less sensitive to
the crosstalk performance of a demultiplexer.
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Figure 6.9: Power penalties in a WDM receiver as a function of electrical out-
band crosstalk powers per channel. The number of wavelength chan-
nels is taken as a parameter.

6.6.2 Optical Pre-Ampli�er

The receiver chip exhibits optical losses that are caused by the losses in the wave-
guide and the PHASAR demultiplexer. Scattering lights as a result of the rough-
ness in the waveguide mainly cause the on-chip waveguide losses. These losses
are typically around 1.5{2 dB/cm [88]. Given the size of the WDM receiver, the
waveguide loss is as much as 1 dB. The PHASAR-induced optical losses are typ-
ically 3{4 dB [88]. So, the total on-chip loss is approximately 4{5 dB. With a
�ber-chip coupling loss of 3 dB, the WDM receiver will exhibit a high loss of ap-
proximately 7{8 dB. To compensate for this high loss, an optical ampli�er with a
suÆcient optical gain is necessary to ensure the application of such a receiver in
WDM networks.

Employing an optical ampli�er in front of a WDM receiver has an additional
bene�t. Pre-ampli�cation can improve the sensitivity of p-i-n detectors. The
performance of these detectors is primarily limited by thermal noise, which is
generated by the front-end. By using the gain of an optical ampli�er, one can
increase the power level of incoming signals above the thermal noise level. As
such, the receiver sensitivity can be enhanced to a detection level that is less
sensitive to the receiver thermal noise. For a bitrate of 10 Gbit/s or lower, the
sensitivity of an optically pre-ampli�ed receiver usually varies between −44 to −36
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Figure 6.10: Power penalties in an optically pre-ampli�ed WDM receiver as a
function of electrical out-band crosstalk powers per channel. The
number of wavelength channels is taken as a parameter.

dBm [121].
When an optical gain is high (≥ 20 dB), we can assume that the detection noise

variance �20;1 in Equation (6.5) is proportional to the average received optical power
P0;1. If we consider a high extinction ratio in optical signals, then the received
optical power P0 and the noise variance �20 during a binary symbol 0 is negligible
when they are compared with P1 and �21 of a binary symbol 1, causing ∼√

P1
and ′∼pP ′

1. Hence, the power penalty as de�ned in Equation (6.7) becomes

Pen [dB] = −5 log
�
P ′
1

P1

�
: (6.9)

Since optical crosstalk at the PHASAR outputs only add its relative optical power
of " =

P
m "m to the desired signal, the power penalty in Equation (6.9) can be

expressed as

Pen [dB] = −5 log
"
1−

M−1X
m=1

"m

#
: (6.10)

Estimated penalty values caused by optical crosstalk in PHASAR for an optically
pre-ampli�ed WDM receiver are plotted in Figure 6.10. If we allow a 2-dB penalty
in an optically pre-ampli�ed four-channel WDM system, then the demultiplexer
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crosstalk level should be 7 dB under the desired signal, which is 3 dB higher than
the tolerable crosstalk of a normal WDM receiver.

In general, it can be seen in Figure 6.10 that an optical pre-ampli�er can make
an optical receiver less susceptible to the inuence of electrical out-band crosstalk.
However, it was summarized in chapter 3 that an optically pre-ampli�ed receiver
is more sensitive to electrical in-band crosstalk (homodyne and heterodyne) than
a normal optical receiver. Therefore, special care should be taken regarding where
to use an optically pre-ampli�ed receiver. In WDM networks where the occurrence
of electrical in-band crosstalk is less probable, such as in WDM backbone point-
to-point networks, optically pre-ampli�ed WDM receivers can be used. However,
in WDM networks where channels of nominally equal wavelengths are switched
and routed, normal optical receivers are preferable over optically pre-ampli�ed
receivers.

6.6.3 Electrical Crosstalk

Electrical crosstalk or RF coupling is of particular concern since the front-ends
use the same substrate at a close distance. Electrical crosstalk increases with the
modulation frequency and it becomes the dominating factor at high frequencies.
Owing to the mutual electrical coupling, system performance of each individual
front-end is a�ected by the presence of the other front-ends. Several potential
sources of electrical crosstalk in an integrated WDM receiver are presented in
[117, 122]. Some of them are already mentioned in section 6.5. Estimating the
contribution of each crosstalk source is a complex task since the occurence of
crosstalk depends very much on the electrical properties of a PCB.

In Figure 6.6 a schematical picture of the receiver chip on the AlN submount
was given. The ground loops of the circuit board are long because short connec-
tions through the circuit substrate are not possible. As a result, the ground on
the upper side and the lower side of the submount are connected to each other by
an electrical cable of several centimeters. This causes long delay-paths of signal
to ground, which can lead to electrical coupling with other signals.

The photodetectors must be electrically connected to signal wires of very low
resistance to avoid reections between the photodetectors and the bondwires. The
3{4-mm long and 17.5-�m diameter bondwires on the chip are made on gold
material, which has a resistivity of 2:2×10−8
m. The total resistance is therefore
less than 1 
. The resistance of the detector contacts can be made low (∼ 1−1.5 
)
by increasing the contact area. Owing to the low-ohmic resistance, the detector-
bondwire connection is not considered of causing electrical crosstalk in our receiver.

Interference between the bondwires can cause performance degradation since
they are spaced at 0.8 mm on the bonding pads. The bondwires connect the
photodetectors to the ampli�ers. The total inductance and capacitance of each
bondwire is approximately 6 nH and 25 fF, respectively. For moderate bitrates,
such as 622 Mbit/s, the inductive coupling between the bondwires is higher that
the capacitive coupling. In the PCB we use an electrical ampli�er with a trans-
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impedance gain of 6 k
. This high trans-impedance reduces the inductive coupling
of the bondwires with the rest of the WDM receiver.

Owing to the large signal power and the close distance between the TIAs,
electrical crosstalk can dominantly be caused by the TIA outputs. It was found
in [117] that closely spaced signal lines (∼ 125 �m) can generate more than 5-dB
electrical crosstalk in a WDM receiver. Practically, this crosstalk can be reduced
considerably by creating ground paths close to the signal paths. However, it is
not always possible to suppress electrical crosstalk due to constraints imposed by
the electrical components. Dimensions of commercial components on the PCB are
prohibitive to make the shortest possible contacts between the signal lines.

As a conclusion, performance deterioration of the WDM receiver due to elec-
trical crosstalk is largely caused by the imperfect signal-to-ground paths, which
results in ows of electrical currents from one receiver to other receivers. These
paths in our WDM receiver unfortunately cannot be made short enough due to
the constraints in the receiver design.

6.7 Pigtailing and Packaging Method

The photonic chip is connected by bondwires to four trans-impedance front-end
ampli�ers on a PCB. The whole setup is provided with a �ber pigtail and is placed
in a thermally stabilized package for WDM performance characterization.

6.7.1 Pigtailing Procedure

A commercially available laser optical �ber interface (LOFI) is used for coupling
optical signals into the WDM receiver chip. This device consists of a �ber pigtail,
which is connected to two micro-lenses mounted in a cylindrical body support, as
shown in Figure 6.11. The lenses image the �ber-end to a focal spot in order to
obtain a maximum coupling eÆciency between the �ber and the input waveguide.
The LOFI is located 0.3 mm before the chip facet. The LOFI is mounted on
position (1) of the piece of metal work as shown in Figure 6.12. This position can
be slightly moved in the transversal and lateral direction because of the elastic
hinges (2). The LOFI can be controlled in the transversal direction by a screw
(3) and a mounted spring (4) whereas in the lateral direction by the other screw
(5) and spring (6). The range of alignment is about 0.8 mm in the lateral and
1 mm in the transversal direction and it can be �ne-tuned using a special �ne
tread of the adjustment screws. The distance of the LOFI to the chip facet can
be adjusted manually by tightening the screw (7). This �ne adjustment should be
controlled through a microscope to prevent a collision that can damage the �ber
micro-lenses. The chip is �xed on the PCB and four photodetectors are connected
to four trans-impedance front-end ampli�ers. The PCB consists of a 3-mm thick
AlN submount with a 2-�m gold layer upon which the print layout is etched. The
whole construction is then pre-aligned and is permanently �xed with low shrinkage
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Figure 6.11: Coupling optical signals into an input waveguide of the WDM chip.
A diverged light beam of a single-mode �ber is transformed to a
parallel beam by lens 1. Lens 2 focuses the beam to the chip-
input waveguide. The core of �ber has 10-�m diameter and the
waveguide 3×1 �m2.

Figure 6.12: Photograph of �ber-to-chip alignment mechanism for a high cou-
pling eÆciency.

adhesive on the PCB carrier as indicated by (8). If necessary, the PCB carrier
can always be coarsely post-aligned in the lateral direction by using four screws
(9) and slotted holes in the PCB carrier.

6.7.2 Thermal Controller and Packaging Procedure

Wavelength-selective devices are designed and fabricated according to the wave-
length speci�cation. However, the wavelength response of InP-based PHASARs
is sensitive to temperature variation. Each nanometer shift in the response will
result in an additional power loss of a few dBs in the incoming signals. To prevent
this additional loss, the chip temperature should be stabilized. Therefore, we in-
troduced an active temperature controller by which the response of the PHASAR
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Figure 6.13: Photograph of WDM receiver package with a peltier element driven
by an external temperature controller.

demultiplexer can be shifted to match the wavelength speci�cation.
An InP-based PHASAR has a typical temperature-dependent response of 0.1

nm/0C [88]. In Figure 6.13, peltier elements (10) are mounted between the incou-
pling setup (11) and the bottom plate (12) for wavelength tuning. Kind thermal
grease is applied to both sides of the peltier elements to improve the thermal
conductivity of the package. The temperature of the package is measured by a
10-k
 thermistor, which is mounted near the chip on the PCB carrier. An external
temperature controller monitors the di�erence between the package temperature
including the chip temperature and the ambient temperature. To compensate for
large temperature di�erences (cooling down or heating up), the temperature con-
troller must generate large thermistor currents for the peltier elements. Therefore,
it is desirable to have a temperature controller with suÆcient heat pumping powers
to adjust the chip response to the target wavelengths in the worst case condition
(tuning wavelengths over the wavelength spacing).

The package has twelve isolated electrical feedthroughs (13) and one feedthrough
for the input �ber (14). The electrical feedthroughs provide electrical connections
for the temperature controller, the thermistor, and the supply voltage for the pho-
todetectors and the trans-impedance ampli�ers. The four outputs of the PCB are
connected by semi-rigid cables to output connectors (15). All sub-setups are ter-
minated to an internal package ground (16). A rubber O-ring (17) is put between
the package and the package-lid to assure hermetic sealing after �lling the package
with dry nitrogen for preventing water condensation at low temperatures. The
�nal dimension of the package, as photographed in Figure 6.14, is 13×9×5 cm3.

6.7.3 Alignment Procedure

An alignment procedure for a maximum incoupling eÆciency of optical signals to
the WDM receiver chip is developed. This procedure as illustrated in Figure 6.15
can be explained as follows.
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Figure 6.14: Photograph of the WDM receiver in a thermally controlled pack-
age.

The LOFI is mechanically connected to an x, y, and z-translator of the align-
ment setup. Light of a helium-neon laser (HNL) is injected into the �ber pigtail
through a 20/80 coupler for a visual coarse alignment. The visible red light of the
HNL and a microscope are used to pre-align the LOFI in front of the input waveg-
uide 7 of the WDM receiver chip. Subsequently, a tunable laser is switched on and
photodetector 6 is directly probed. The photocurrent is measured by a photocur-
rent meter. The wavelength-dependent photocurrent for an ambient temperature
of 220C is analyzed. Measurements show that a maximum photocurrent is ob-
tained at 1548.5 nm whereas the speci�ed wavelength of photodetector 6 is 1551.1
nm. A wavelength upward-shift of 2.6 nm is found too large to work with, because
the corresponding thermal transfer is larger than the thermal capacity of the tem-
perature controller. Selecting the neighboring input waveguide shifts the PHASAR
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Figure 6.15: Incoupling of light to WDM receiver input waveguide. A coarse
alignment is done using visible light of a helium-neon laser. A �ne
alignment is carried out by using a tunable laser for an optimal
incoupling eÆciency.

wavelength response with the channel spacing of 3.2 nm. Input waveguide 8 has
a measured peak response at 1551.7 nm. A 0.6-nm wavelength downward-shift to
1551.1 nm is realized by cooling down the chip to 150C. Second, the incoupling
eÆciency is adjusted to an optimal value. The LOFI is actively aligned for �ne
tuning in the lateral and in the transversal direction with the magnitude of the
photocurrent as an indicator of the optimal incoupling. This step only takes a few
minutes before an optimal coupling eÆciency is found. Subsequently, the setup is
�xed for static and dynamic performance characterizations.

6.8 Performance Characterization

Several aspects of the WDM receiver are evaluated in this section, including pho-
todetector spectral response, single- and multi-channel detection performance.
The latter one is important since the WDM receiver is designed and fabricated for
simultaneously detecting more than one channel. The static and dynamic char-
acterizations are carried out by analyzing the received eye-patterns and bit error
rate values.

6.8.1 Spectral Response

The spectral or wavelength response of each individual photodetector is investi-
gated by analyzing the photocurrent as a result of CW light of a tunable laser (TL)
in the input waveguide. The TL wavelength varies from 1540 to 1570 nm and the
photodetector under investigation is directly probed by a photocurrent meter. The
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Figure 6.16: Spectral response of the individual WDM photodetectors.

TL optical power launched into the LOFI is 3 dBm and no bias voltage is applied
over the photodetector. The spectral response of the WDM receiver is plotted in
Figure 6.16 for a chip temperature of 150C and an ambient temperature of 220C.
The photodetectors show a large variation in their response. Two photodetectors
(2 and 8) have disappointing responsitivities. The photodetectors of the middle
channels have quite satisfactory characteristics with a maximum response shown
by photodetector 4.

An important characteristic of a photodetector is the quantum eÆciency. The
quantum eÆciency � is de�ned as the number of electrical carriers generated per
incident photon of energy h�. This eÆciency can be expressed as

� =
number of carrier pairs generated

number of incident photons
=

iph=qe
Pin=h�

: (6.11)

iph is the average photocurrent generated by an average optical power Pin incident
on the photodetector. h� is the photon energy and qe is the electron charge. The
performance of a photodetector is often characterized by the responsitivity R.
This is related to the quantum eÆciency � by

R =
iph
Pin

=
�qe
h�

: (6.12)

So, the quantum eÆciency can be written as

� = Rh�

qe
= R 1:24

� (in �m)
: (6.13)
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The optical power loss in the packaged WDM receiver consists of the loss in the
LOFI and the loss in the chip, that is the loss caused by the PHASAR demul-
tiplexer and the optical waveguides. The signal incoupling from the LOFI to a
straight waveguide shows a loss of 3 dB. The measured chip loss as shown in Figure
6.3 is 5 dB. With an average total loss of 8 dB from the TL to the photodetectors,
the optical power Pin illuminating the photodetectors is −5 dBm or 0.32 mW.
This input power generates 150 �A photocurrent. The maximum photodetector
responsitivity is thus R = 150 �A/0.32 mW = 0.47 A/W. The corresponding
quantum eÆciency of the photodetector is � = 0:47× 1:24=1:5576≈ 0:4.

Before electrical connections are made between the photodetectors and the
front-end ampli�ers, the photodetectors are tested with a bias voltage over the
depletion layer. Only four photodetectors (8, 7, 6, and 1) show normal diode V-I
characteristics. The index of the photodectors corresponds to wavelengths 1544.6,
1547.8, 1551.0, and 1567.2 nm. The other photodetectors generate so much leak
currents that they are not suitable for connecting to the trans-impedance am-
pli�ers. The four best-performing optical front-ends, i.e. a combination of the
photodetector and the trans-impedance pre-ampli�er, are characterized to deter-
mine the optimal operating conditions.

6.8.2 Single and Multi-Channel Operation

The experimental setup to characterize the packaged WDM receiver in single and
multi-channel operation is illustrated in Figure 6.17. Three channels are used
for the data channels and the fourth channel is for controlling the incoupling
mechanism. Three lasers consisting of two �xed single-wavelength lasers of 1547.8
and 1551.1 nm and one tunable laser of 1567.2 nm are used as light sources of
the experimental setup. These channels are combined by a power multiplexer
before being coupled into an external modulator. The external modulator is driven
electrically by a pseudo-random binary signal of type nonreturn-to-zero. The
bitrate of the signal generator is set to a target bitrate of 622 Mbit/s and the
repetitive sequence length is 231−1. Optical polarization controllers are necessary
to match the state of polarization of the laser CW light to the state required by
the modulator. A maximum signal power with an average extinction ration of 15
dB/channel is obtained at the output of the modulator.

A combination of the power multiplexer (loss ≥ 6 dB) and the external mod-
ulator (loss ≥ 5 dB) induces a high loss of more than 11 dB in the signal power.
An EDFA is used in the setup to compensate for these losses. The EDFA in the
setup has non-at gain spectrum characteristics. As a result, the WDM channels
of longer wavelengths are ampli�ed less than those of shorter wavelengths. If all
three channels have an equal average power before the EDFA, then the optical
power of channel 1 will be much larger than channels 2 and 3. The measurement
shows that channel 3 is ampli�ed with only 9 dB whereas channel 1 and channel 2
with 17 dB and 15 dB, respectively. To avoid a large di�erence in the power levels,
the CW outputs of the lasers are attenuated with di�erent attenuation factors so
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Figure 6.17: Experimental setup for performance assessment of the WDM re-
ceiver.

that the non-at EDFA gain spectrum gives an equal power in each channel. The
peak power of each channel is set to 0 dBm. In addition to the ampli�cation of
the desired signals, the noise levels unfortunately are also increased by the EDFA.
This leads to a degradation in optical signal-to-noise ratio (OSNR). For a speci�ed
BER of better than 10−9, we need the Q-factor  ≥ 6 or 20 log ≥ 16 dB at the
photodetector. In optically pre-ampli�ed systems, the receiver noise is dominated
by optical noise, which is related to the signal power. Hence, the receiver perfor-
mance is largely dependent on the OSNR. We measured in the output of the EDFA
an OSNR of 33 dB for channel 1, 35 dB for channel 2, and 42 dB for channel 3,
but an OSNR of 50 dB is shown in the input of the EDFA. So, a degradation of
more than 8 dB is observed due to the EDFA. However, we still have high enough
OSNRs in each channel for the receiver performance characterization.

The optical noise of the EDFA should be minimized before reaching a pho-
todetector. The �lter characteristics of the PHASAR demultiplexer (bandwidth
1.3 nm and crosstalk −25 dB) reduce the noise contribution to the detection per-
formance. The PHASAR demultiplexer is slightly polarization dependent (≤ 1
dB). Hence, another polarization controller is located before the LOFI setup. An
optical variable attenuator adjusts optical input powers. Bit error rate values are
measured by a BER analyzer, which receives a clock signal from the signal gen-
erator, in order to synchronize the decision threshold with the signal rate. The
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BER analyzer compares the received bits to the transmitted bits as a function of
the input powers of the photodetector.

Two measurement schemes can be made in the experimental setup, i.e. single-
channel and multi-channel optical detection. The former is obtained when only
a single optical front-end is switched on, whereas the latter is realized when all
front-ends are switched on to detect all channels simultaneously.

6.8.3 Eye Patterns and BER Curves

A powerful measure in assessing the performance of various optical receivers is
given by the time-domain response. A matter of special interest is the shape of
the photocurrent within a bit duration. A received eye pattern can give a reliable
measure of the receiver bandwidth as a function of the modulation bitrate.

An eye pattern can be generated by displaying a pseudo-random bit sequence
on an oscilloscope while the time base of the oscilloscope is triggered with an input
signal derived from the bit-pattern clock frequency. This results in a large amount
of synchronized superpositions of bit frames. A variety of transitions between the
binary symbol 1's and 0's can be observed while the shape, width, and height
of the eye opening indicate how well the receiver detects the modulated optical
signals and converts them into electrical signals.

For an optimal receiver performance, the eye opening should be as large as
possible. The input signals are three WDM signals. The output powers are set
to 0 dBm for all channels. Taking into account an optical loss of 8 dB in the
package, the net optical input power is reduced to −8 dBm. The eye patterns of
the WDM receiver at a bitrate of 622 Mbit/s are shown in Figure 6.18. For each eye
pattern, only one optical front-end is switched on for detecting the desired signal.
It should be noted here that it is not possible to feed the TIA and the photodetector
separately because of a design restriction imposed on the packaging by the number
of electrical connections. Some characteristic elements can be deduced from an eye
pattern. In Figure 6.18, the optical front-end of the 1547.8-nm wavelength channel
shows larger eye opening with a less amount of time-jitter than the other front-
ends. This is mainly caused by the fact that the front-end ampli�er for 1546.8 nm
is connected to photodetector 7, which has a better photocurrent response than
photodetector 6 (1551.1 nm) and photodetector 1 (1567.2 nm).

All eye patterns in Figure 6.18 have time-jitters at binary transitions. Basically,
these time-jitters consist of a number of pattern-dependence responses or traces.
A trace is caused by the slow response of an optical front-end to a particular bit
transition. Each bit transition has di�erent frequency components. For example,
when a long sequence of 1's (0111111110) or 0's (1000000001) is generated, the
optical power will be concentrated around a low-frequency range because the signal
power is constant for most of time. For an alternating 0's and 1's, the optical
power will be spread over a broad frequency range and it will be strongly �ltered
by a narrow-bandwidth front-end. As a result, a long transition time will occur
in the time-domain response. A signal transition time, which is de�ned as the
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Figure 6.18: Response of the individual optical front-ends when optical signals
of 622 Mbit/s are detected: (a) 1547.8 nm, (b) 1551.1 nm, and (c)
1567.2 nm. For each plot, only one front-end is switched on and
the other front-ends are switched o�.
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time di�erence between 10% and 90% of the maximum amplitude response, can
be used to indicate whether a front-end can satisfy a bitrate requirement of an
optical system. When transition takes place from a binary 0 to 1, we call the
transition time as the rise time, otherwise it is the fall time. The transition time
of our WDM receiver is relatively large when compared to a commercial 622-
Mbit/s optical front-end. A commercial 622-Mbit/s single-channel front-end has
a typical rise and fall-time of around 0.6 ns. For our WDM receiver, the rise
and fall times are measured longer than 0.9 ns. Electrical bandwidth is related
to transition time. A general relationship between electrical bandwidth BW and
transition time �tr is given by [118]

BW =
0:35

�tr
: (6.14)

Equation (6.14) stems from the exponential response of an RC circuit to a step-
input pulse, i.e. 1− exp [−2�t=(RC)]. With �tr ≥ 0:9 ns, the 3-dB bandwidth of
the WDM receiver is BW ≤ 390 MHz, which is signi�cantly lower than the 620-
MHz measured bandwidth of the front-end ampli�er. This discrepancy is mainly
caused by the presence of parasitic e�ects, i.e. parasitic capacitance arising from
signal-to-ground paths. Since the signal paths are not provided with a proper
ground plane, electrical �elds may form di�erent parallel paths to the common
ground. These paths will add parasitic capacitance to the receiver circuit, that in
turn will increase the RC time. Based on the di�erence in the measured rise times,
the parallel ground paths increases the circuit capacitance C by a factor 1.6.

Another characteristic element in the eye patterns is the amplitude response.
This is de�ned as the voltage di�erence between a binary 1 and 0. It can be seen
in Figure 6.18 that a voltage value representing a binary symbol 1 amounts to
300 mV for an optimal �ber-to-chip coupling. This output voltage is signi�cantly
lower than the voltage required for a proper BER evaluation, which is around 1{
1.5 V. Therefore, we employ an external electrical ampli�er to increase the output
level of the front-ends. This is schematically shown in Figure 6.19. The electrical
ampli�er (EA) has a maximum gain of 36 dB and a wideband operation range
of 50 kHz { 8 GHz. A 500-MHz low-pass �lter is inserted in the EA output to
decrease the operational frequency band to a value that is required for 622-Mbit/s
systems. Also, an electrical attenuator is placed at the EA input to prevent signal
distortion in saturated ampli�ers. The attenuation level depends on the EA output
saturation level at the maximum gain. The output level of our optical front-ends is
300 mV and the output saturation level of the EA is 1.7 V. An electrical attenuator
of 20 dB is required in order to ensure that a voltage of less than 1.5 V will occur
at the input of the BER analyzer. The response of the low-pass �lter reduces
the signal level slightly. With a 20-dB attenuator, we measure a voltage level of
1.1{1.2 V at the input of the BER analyzer. Figure 6.20(a) shows eye patterns
of the input signals to the BER analyzer. The front-ends of channel 1547.8 nm
and 1551.0 nm generate clear eye-openings, which are much better than the eye
pattern of channel 1567.2 nm. Thick bands in the transient characteristics are the
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Figure 6.19: External electrical ampli�er to boost the output voltage of optical
front-end.

result of the slow response to the applied bitrate.

The BER values of the individual front-ends as a function of optical signal
powers are plotted in Figure 6.20(b). The BER values in Figure 6.20 are obtained
for a single-channel operation. Only one front-end is switched on and the other
front-ends are switched o�. The supply voltage for each optical front-end is −4
V. The measured BER values show some variations in the receiver sensitivities.
The front-end of channel 1547.8 nm has a better receiver performance than the
other front-ends. For BER=10−9, a receiver sensitivity of −25:5 dBm, −24:5
dBm, and −18:5 dBm are obtained. The low responsitivity of the 1567.2-nm
photodetector (R1 = 0:25) attributes to the disappointing result. The 1567.2-nm
front-end also shows too much oscillation, even for low supply voltages. Due to
its disappointing performance, the 1567.2-nm front-end will not be included for
multi-channel performance evaluations.

Operating more than one front-end simultaneously, i.e. multi-channel optical
detection, will induce electrical crosstalk or interference among the front-ends. The
performance of an optical front-end will no longer be determined by its intrinsic
performance alone, but it will be subject to distortion that is generated by the
other front-ends in its neighborhood. The distance between the front-ends is very
small (≤ 5 mm) and electrical interference within such a small distance inside the
package may inuence the receiver performance. Interference will cause sensitivity
penalties to become larger with increasing signal levels in the adjacent channels.
The e�ect of simultaneous detection of twoWDM signals on the receiver sensitivity
at 622-Mbit/s bitrate is presented in Figure 6.21. The BER values versus the
received powers are measured as a function of the activation of the other front-
end. In this experiment, we set the input power of the front-ends at the same level
and subsequently adjust the power with an optical variable attenuator. In this
way, we have a best-case operational condition because both front-ends receive
an equal amount of optical power. The supply voltage for all modules is slightly
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Figure 6.20: BER performance of a single optical front-end at 622-Mbit/s bi-
trate. Other front-ends are switched o� when one front-end is
measured.

adjusted to −3:3 V in order to minimize an oscillation-induced degradation of the
trans-impedance ampli�ers. BER values in Figure 6.21 should be compared with
those in Figure 6.20 to determine the e�ect of one front-end on the performance of
the other front-end. In Figure 6.21, the sensitivity for BER=10−9 is approximately
−24 dBm for channel 1547.8 nm and −22 dBm for channel 1551.0 nm. If these
measured sensitivities are compared to those of the single-channel operation in
Figure 6.20, then one may observe a penalty of 1.5 dB for channel 1547.2 nm
and 2.5 dB for channel 1551.0 nm. The small di�erence (∼ 1 dB) in the receiver
sensitivity is mainly caused by the di�erent response level of the photodetector.
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Figure 6.21: BER performance of an optical front-end in the presence of the
other front-ends for 622-Mbit/s bitrate.

The photodetector of channel 1547.8 nm (photodetector 7 in Figure 6.16) has a
response of R7 = 0:36 and the photodetector 1551.0 nm (photodetector 6) has
R6 = 0:31. This di�erence results in �R = R7=R6 = 1:16 or 20 log�R = 1:3
dB, which is close to the 1-dB penalty di�erence. We observe in the experiment
that increasing the supply voltage will decrease the eye opening of each front-end,
thereby increasing the BER values. The front-ends should therefore be biased with
a minimum voltage value that is required to activate each front-end.

In practical WDM systems, optical channels will have di�erent optical powers
when they are terminated by WDM receivers. In order to predict the e�ect of
di�erent power levels on the BER performance of each front-end, we reduce the
output power of the lasers in the experimental setup. The power of channel 1547.8
nm is decreased to 3 dB lower than the power of channel 1551.0 nm. The sensitivity
penalty of the 1547.8-nm front-end becomes approximately 4 dB. If the optical
power of channel 1551.0 nm is 3 dB lower than the power of channel 1547.8 nm,
then we have a penalty of around 7 dB. So, we have a penalty di�erence of about
3 dB. Calculation using the receiver response values as is done above, shows �R =
2:4 dB.
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6.9 Conclusions

An InP-based photonic chip has been designed and fabricated in the Delft Univer-
sity of Technology. This chip contains an eight-channel PHASAR demultiplexer
with a wavelength spacing of 3.2 nm and eight planar waveguide photodetectors.
The photodetectors are arranged symmetrically about the demultiplexer perime-
ter. By thermal tuning, the wavelength responses of the demultiplexer can be
tuned to cover four speci�ed channels.

The chip is mounted on a circuit board and four best-performing photodetec-
tors are connected to four commercial trans-impedance pre-ampli�ers on a temper-
ature stabilized AlN printed circuit board. The hybrid sub-assembly is mounted
on a based plate containing a micro-optic positioner to facilitate alignment of a
�ber-lens assembly in front of the input waveguide. Semi-rigid coaxial cables are
used to guide the electrical data channels to the output SMA connectors. The re-
ceiver is put in a gold-plated 13×9×5 cm3 package which is hermetically sealed in a
dry nitrogen atmosphere. The receiver module has one optical input �ber and four
electrical output connectors. Auxiliary inputs are available for active temperature
stabilization and for individual bias arrangement of the electrical ampli�ers.

The performance has been characterized for a single and multi-channel opera-
tion at 622-Mbit/s bitrate. The total power loss including �ber-to-chip coupling
loss (∼ 3 dB) and chip loss (∼ 5 dB) is around 8 dB. Three channels are measured
and two of them show reasonable good detection properties. The best receiver sen-
sitivity for BER=10−9 is around −25:5 dBm for a single-channel operation and
-24 dBm for a dual-channel operation, which is suÆcient for many system appli-
cations. We believe that improvement in the receiver sensitivity can be achieved
if the issues concerning signal-to-ground paths are properly addressed.





Chapter 7

Performance Monitoring

Techniques

We present a practical method of monitoring system performance of WDM sig-
nals. The method is based on an intelligent combination of optical and electrical
signal processing. The photocurrent of a detected (multi-channel) optical signal is
analyzed using an adaptive signal separation method. A maximum data decorrela-
tion criterion is used to separate the WDM channels from a set of multi-channel
photocurrents. Although this chapter shows an accurate separation of four WDM
channels, we believe that this method can also be applied for monitoring a larger
number of WDM channels. This chapter is partly published in [123].

7.1 Introduction

It is obvious that transparent multi-wavelength optical networks require suÆcient
monitoring of the WDM channels to provide the network management with ad-
equate information about the quality of the transported signal [71]. Preferably,
this information is obtained without a�ecting the transparency of the network.
Moreover, it is important that the monitoring method can be implemented at the
network node itself, enabling local monitoring, and that the monitoring method
should be scalable to cope with traÆc demands for more bandwidth. So, the
monitoring method is required to be independent of the number of wavelength
channels.

Several methods for monitoring the signal based on, for example, tunable �lters
[124], phased arrays (PHASARs) with di�raction gratings [125], and pilot tones
[126] have been investigated. In [127], an interesting signal monitoring method
is put forward, which is based on a combination of optical and electrical signal
processing. This approach forms the starting point for this chapter.

It is shown in [127] that a probability density function (PDF), which is related
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Figure 7.1: Optical monitoring for a WDM system.

to the eye pattern of a WDM signal, can be used to obtain information of the
optical power and the noise levels of optical channels. The multi-channel eye
pattern is generated by a single optical receiver. Information concerning the optical
power and the noise levels of the WDM channels can be obtained by analyzing the
PDF with genetic algorithms [128]. A disadvantage of the method is that only a
limited number of WDM channels can be analyzed with an accurate estimation of
the noise of the distinct WDM channels.

In this chapter, we improve the electrical signal processing which is presented
in [127] in such a way that complete bit patterns of the WDM channels can be
reconstructed by analyzing the photocurrents with a symmetric adaptive decorre-
lation scheme [129]. The algorithm separates the signals by means of a maximum
data decorrelation. A di�erent approach using data (de)correlation in detecting the
presence of a WDM channel is demonstrated in [125]. The concepts of our method
are described theoretically and veri�ed experimentally for four WDM channels.
Theoretical analysis shows that the method also works for a larger number of
WDM signals.

7.2 System Description

Figure 7.1 shows a diagram of the proposed optical monitoring scheme. A small
fraction of the WDM signal, transmitted from a distant node, is extracted by an
asymmetric optical power splitter for monitoring purposes. The optical signal then
passes through an optical signal processor and is converted into an electrical sig-
nal by a photodetector. Electrical digital signal processing is used to separate the
WDM channels. A unique reconstruction of the WDM channels in the electrical
domain requires that the lost wavelength information (the conversion to the elec-
trical domain means that the wavelength information is lost) is compensated by a
form of nonlinear optical signal processing. In our scheme, the optical signal pro-
cessing is performed by a wavelength-dependent attenuator (WDA). An example
of a WDA is a Mach-Zehnder interferometer, in which the optical length of one of
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the branches is adjustable [127], but in principle any device which has a nonlinear
relation between the wavelength and the output power can be used. As we will
see later, it is not necessary to know the details of the nonlinear signal processing
(e.g. the WDA). Digital signal processing (DSP) methods are used to analyze the
measured photocurrents. In the next section, we show how a symmetric adaptive
decorrelation (SAD) scheme, as described in [129], can be used to separate the
WDM channels.

7.3 Optical Signal Processing

The optical signal processing is essential in the monitoring setup and it is per-
formed by a WDA. The WDA enables the optical signal processing to solve the
individual WDM channels from the received optical signals. Speci�cally, the WDA
generates inputs to the monitor circuit by producing di�erent input signals with
di�erent channel attenuation. By using these signals, the monitor circuit with a
maximum decorrelation algorithm will separate the individual wavelength chan-
nels from a set of measured photocurrents. For monitoring N optical channels,
the algorithm needs at least N independent sets of photocurrents. Therefore, the
WDA should have a variable transmission pro�le, which is a function of the optical
wavelength passing through the attenuator.

The WDA is not yet commercially available. However, there have been some
approaches towards realizing such a device. For instance, an optical device based
on an absorption cell where the absorption pro�le, thus the attenuation factor,
is sensitive to the carrier wavelength, can be used a WDA. Another approach,
which is simple to implement using a mature integration technology, is an optical
attenuator based on the principle of a Mach-Zehnder interferometer (MZI) [130].
Figure 7.2 shows the con�guration for a MZI-based WDA. In one arm of the
interferometer, a phase shifter is built, which is responsible for an additional optical
path length �L, and therefore an optical phase di�erence ��. The principle of
this con�guration can be explained as follows. The light signal is split into two
arms of di�erent lengths. At the output, both arms are recombined to create a
form of signal interference. Due to the unequal path length, the output signal will
have a di�erent phase when recombining. This form of interference will lead to
an output signal, which is an attenuated version of the input signal. For a WDM
signal containing multiple wavelength channels, the individual channel will travel
through the interferometer with a di�erent velocity. Therefore, each channel will
have a di�erent optical phase and thus di�erent interference format. In turn, this
causes a di�erent attenuation at the output.

To calculate this channel attenuation, let us assume that only one wavelength
channel is coupled into the interferometer. The input signal can be written as,

E(t) =
p
P (t) exp [j2�fct+ j�(t)] (7.1)

where P (t), fc, and �(t) represent optical power, optical carrier frequency, and
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Figure 7.2: Wavelength-dependent attenuator based on a Mach-Zehnder inter-
ferometer. The phase shifter changes the transmission pro�le of the
interferometer that causes WDM channels to have di�erent attenu-
ation factors.

optical phase, respectively. The signal is then split in two �elds, which one of it
is delayed by � due to the phase shift ��=�(t)−�(t−�). For the interferometer
output, the instantaneous optical power Po(t) is

Po(t) =

���� 1√2
E(t) +

1√
2
E(t− �)

����2 : (7.2)

For a small delay � due to ��=2��L=�c, Equation (7.2) can be rewritten as

Po(t) =
P (t)

2

�
1 + cos

�
2�

�L

�c

��
; (7.3)

where �c=c0=fc and c0 is the speed of light in vacuum. With the optical input
power denoted by P (t), the wavelength-dependent attenuation coeÆcient is given
by

H(�L; �c) =
Po(t)

P (t)
=

1

2

�
1 + cos

�
2�

�L

�c

��
: (7.4)

The attenuation coeÆcient due to the phase shift is thus a function of the delay
length and the carrier wavelength. When a multi-channel signal enters the MZI-
based WDA, each channel will experience a di�erent attenuation coeÆcient and
this coeÆcient is dependent on its wavelength. Figure 7.3 shows the attenuation
coeÆcients in decibels (HdB = 10 logH) for three delay lengths �L in the wave-
length region 1520−1570 nm. In Figure 7.3, one may observe that di�erent atten-
uation coeÆcients can be produced by adjusting the path length di�erence. When
�L is 16.6 �m, the attenuation pro�le increases with the wavelength. However,
when �L=17.4 �m, the attenuation pro�le behaves precisely in the opposite way:
longer wavelength causes less attenuation. The WDA shows an almost transparent
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Figure 7.3: Attenuation of the MZI-based wavelength-dependent attenuator.
�L is the optical length di�erence of the MZI arms.

property within this wavelength region when �L=17.0 �m. So, the transmission
pro�le of the MZI can be changed to perform optical signal processing in a spec-
i�ed wavelength region. It should be noted here that the realization of such an
interferometer with a variable optical phase shifter is within the reach of the in-
tegration technology, see e.g. [9, 16, 22]. Therefore, this monitoring technique is
attractive for WDM systems.

7.4 Adaptive Signal Processing

As a starting point to describe electrical signal processing in the proposed mon-
itoring technique, we assume that each WDM channel has a nonreturn-to-zero
(NRZ) data format with an ideal extinction ratio. This implies that only binary
1's contain a square optical pulse of amplitude

p
Pn(t), where Pn(t) is the time-

dependent optical power in the n-th wavelength channel. The input signal E(t) to
a photodetector is formed by a superposition of the instantaneous discrete wave-
length channels En(t), thus E(t)=

P
nEn(t). The photocurrent i(t), which is the

input for the signal processing, is proportional to the squared magnitude of the
optical signals and it can be mathematically expressed as

i(t) = R|E(t)|2 + ith(t); (7.5)
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Figure 7.4: Schematic of symmetric adaptive decorrelator for signal separation.
The output of the WDA is indicated by in[k]

where R is the photodetector responsitivity. For our photodetector, we use R
equal to 1 that represents an ideal photodetector. The detector thermal noise
ith(t) is modeled as an additive white Gaussian stochastic process with zero mean.
When the WDM channel spacing is larger than the detector electrical bandwidth,
i(t) will consist of a summation of the individual channel powers. Hence, Equation
(7.5) can be written as,

i(t) = P1(t) + · · ·+ PN (t) + ith(t); (7.6)

where N is the number of WDM channels. This signal i(t) forms the input of the
decorrelation algorithm.

We use for the signal processing in the electrical domain a symmetric adaptive
decorrelator (SAD), as shown in Figure 7.4. For reasons of clarity, we focus on the
description for the case where two WDM channels are present. The derivation for
an arbitrary number of channels can be performed in a similar manner. In Figure
7.4, two independent photocurrents are used as the input of the decorrelator.
Each photocurrent contains two attenuated WDM signals. The aim is to �nd the
original WDM signals from a multi-channel photocurrent. The photocurrent is
split in two paths, which one of them is cross-weighted by wn. In this way, we
correlate the value of one signal using the other signals and a number of weights.
Each photocurrent is compared with the other weighted photocurrent and the
di�erences between weighted photocurrents un form the inputs of the separation
criterion scheme. The scheme performs a number of auto and cross-correlation
operations for each wn to �nd a minimum correlation between the signals. When
an optimum decorrelation or a minimum correlation is found, the weighted signals
become independent from each other. As a result, we can construct each WDM
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channel using a combination of the weights and the attenuated photocurrent.
To describe the electrical signal processing, we use time discretization t=t0+k�t,

k∈{0; 1; · · · } where t0 is the initial sampling time and �t is the sampling interval.
We assume that the signals i1[k] and i2[k] can be written in the following forms

i1[k] = s1[k] + h1s2[k] + i1;th[k];

i2[k] = s2[k] + h2s1[k] + i2;th[k]:
(7.7)

In Equation (7.7), sn[k], n∈{1; 2} represents the independent WDM channels. The
attenuation coeÆcients of the WDA are given by hn, which can be determined by
processing the signals in[k] according to the SAD, as presented in Figure 7.4. The
output signals un[k] are given by

u1[k] = i1[k]− w1[k]i2[k];

u2[k] = i2[k]− w2[k]i1[k]:
(7.8)

The performance criterion is to minimize the cross-correlation of u1[k] and u2[k],

i.e., E[k]s1s2(l)=E [s1[k]s2[k − l]]=0 for ∀l. E [x] indicates the estimated value of
variable x. A stochastic gradient algorithm of the steepest-descent type can be
used to �nd the minimum [131]. This algorithm takes a step in the direction of
negative gradient, which leads to the following iteration series for the weight wn[k]

w[k+1]
n = w[k]

n − �
Æf

Æwn
with f =

LX
l=0

h
E[k]u1u2(l)

i2
; and

E[k]u1u2(l) =
�
1 + w

[k]
1 w

[k]
2

�
E
[k]
i1i2

(l)− w
[k]
1 E

[k]
i2i2

(l)− w
[k]
2 E

[k]
i1i1

(l):

(7.9)

L is the number of photocurrent samples and � is the adaptation constant (0<�<1).
In our signal processor, we have replaced the estimates of the cross-correlation
E[k]u1u2 with their instantaneous sampled values u1[k]u2[k]. This is done in order to
avoid the time-consuming averaging over the nondeterministic values of the deriva-
tives. A statistical analysis of the convergence and the stability of the adaptive
algorithm can be found in [129]. We restrict ourselves to the implementation of the
algorithm in order to separate optical channels from multi-channel photocurrents.

At the beginning of iteration steps, the algorithm may produce u1;2[k] that are
strongly correlated with each other since the algorithm needs some time to optimize
the weights. The adaptive algorithm will subsequently choose other weights, based
on the cross-correlation value of u1;2[k]. If the correlation value becomes larger,
then the search gradient will be reversed and new weights are used. This search
procedure continues until a minimum decorrelation between u1;2[k] is found. If

Æf
Æwn

converges to zero, then the output signals become uncorrelated. Adequate signal
separation is obtained when the weights wn[k] in the adaptive scheme converge to
the WDA values, i.e., wn[k+1]=wn[k]=hn. The original signals sn[k] can then be
reconstructed by an additional post-processing step, which consists of applying a
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Figure 7.5: Experimental setup

�lter with a transfer function 1=[1−h1h2] on the output channels un[k]. We want
to remark here that the adaptive nature of the signal processing means that it is
not necessary to know the details of the WDA since the attenuation coeÆcients
are adaptively determined by the SAD. The fact that the WDM signals can be
recovered by inversion of Equation (7.8) means that an accurate reconstruction of
WDM channels requires that the inverse problem should be well posed.

7.5 Experimental Setup

Channel monitoring using the signal separation scheme is demonstrated in a four-
channel WDM setup, as shown in Figure 7.5. The channel wavelengths that are
used are stabilized at 1551.0, 1554.2, 1557.4, and 1560.6 nm respectively. The laser
sources are modulated directly by nonreturn-to-zero (NRZ) data from a pseudo-
random binary sequence of length 223−1 at 622-Mbit/s bitrate. With the channel
spacing of 3.2 nm, the inter-channel beating terms will lie outside the bandwidth
of the receiver, which is 450 MHz. Optical delay lines with di�erent lengths are
used to ensure that the channels are uncorrelated with regard to their bit sequence.
The optical channels are coupled to the variable attenuators, which represent the
WDA functions. The signals are detected by a p-i-n photodetector and further
processed electrically to obtain the signal separation.

As an initial step for the signal processor, we set all weights to an arbitrary
value, and use a 3-GHz bandwidth digital oscilloscope to obtain the sampled pho-
tocurrents. Each set of photocurrents is obtained by gating a wavelength channel
and attenuating the other channels. Figure 7.6 shows the four sampled photocur-
rents. The power level per channel before attenuators is approximately -3 dBm
and the extinction ratio (ER) is 15 dB. The optical signal-to-noise ratio (OSNR) is
measured better than 30 dB (in a 0.1-nm resolution bandwidth). In Figure 7.6, all
sampled photocurrents show a strong correlation because they are obtained from
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Figure 7.6: Four-channel WDM photocurrents as the input of the decorrelator.
Each plot is obtained by gating a wavelength channel and attenu-
ating other channels with 3 dB. The gated channel is (a) channel 1,
(b) channel 2, (c) channel 3, and (d) channel 4.

a superposition of four WDM signals. These photocurrents are processed electri-
cally and the results can be displayed on a monitor. As a typical result of the
signal reconstruction, Figure 7.7 shows the original channel 2 and the output of
the signal processor. Compared to the original signal, the signal separation scheme
shows in general an excellent reconstruction result with deviations at the binary
symbol 1 and 0. The deviation is largely caused by the variation in the detection
noise that is not well modeled in our signal processor. The e�ect of the noise is
clearly seen at the symbol 0 where the signal level is low and the photocurrent
consists practically of the receiver noise. In that case, the search for a optimum
decorrelation is limited by the noise variance.

Since the monitoring scheme receives photocurrents from a photodetector, the
performance of the signal reconstruction depends very much on the input signal
levels to the photodetector. Lower input powers result in a large deviation of the
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Figure 7.7: Original (solid) and reconstructed (dotted) channel 2 using the adap-
tive signal separation and maximum data decorrelation.

signal reconstruction compared to the original signal. We observed that the power
penalty is larger than approximately 2 dB (for bit error rate (BER)=10−9) in the
receiver sensitivity if the power level decreases further than −22 dBm. The scheme
apparently needs suÆcient input powers mainly to suppress the inuence of the
noise. The absolute minimum input power for this setup is −25 dBm/channel be-
fore the signals cannot be recovered. Given the receiver sensitivity of −32 dBm for
a BER=10−9, the minimum power can further be decreased when a combination
of an optical pre-ampli�er and a low noise post-detection electrical ampli�er is
employed. By doing so, an improved sensitivity of −28 dBm/channel is attained.

Practical WDM networks have wavelength channels with di�erent ERs and OS-
NRs. Lower ERs and OSNRs will a�ect the monitoring performance destructively
because the input signals for the decorrelator deteriorate. Based on the estimation
of the signal processor, we observe that to keep an extra penalty of less than 1 dB,
the channel ER should be higher than 8 dB. The channel OSNR should not be
lower than 20 dB for BER=10−9. The monitoring technique is demonstrated to be
polarization insensitive since the attenuators and photodetector are polarization
insensitive.

7.6 Discussions and Conclusions

We have proposed and demonstrated an optical monitoring technique that utilizes
a signal separation scheme based on adaptive signal separation techniques. To re-
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construct the signals uniquely, a form of non-linear optical signal processing should
be implemented. The adaptive nature of the reconstruction method means that it
is not necessary to know the details of the nonlinear optical signal processing.

The method has been demonstrated for four WDM channels at 622-Mbit/s
bitrate. If we assume that we have N channels, each containing L sample points,
then for each adaptive iteration the computation of the weights according to Equa-
tion (7.9) is proportional to L2N ! operation steps. In the experiment described
above, we used N=4 and L=800. This means that for a single bit we needed 30
samples to reconstruct the four distinct WDM channels.

In the case of an increase in the number of channels, it follows that the compu-
tation of the weights requires a rapidly increasing number of operations because
of the permutations that need to be performed over all the channels. On the other
hand monitoring of the channels is not required during a single bit period, but
rather on the time scale that the network is recon�gured.

In addition to the speed and the number of WDM channels, the issue of modu-
lation format on which the monitoring technique can be applied, must be addressed
carefully. Since the decorrelation algorithm is suitable for amplitude modulations
in general, we believe that this monitoring concept can also be applied to other
amplitude-modulated signaling formats, such as return-to-zero (RZ) or duo-binary
encoding.





Chapter 8

Conclusions and

Recommendations

This thesis has described theoretical and experimental studies on system per-
formance of WDM networks, particularly on the issues of optical crosstalk and
performance monitoring in the networks consisting of photonic integrated circuits
(PICs). These issues become important since an optical network requires more
complex optical functions, which include optical routing and switching. Flexibil-
ity and reliability in the networks, especially in dealing with a rapid uctuation of
the traÆc demands and transmission failures due to accumulated crosstalk, form
the major issues for future optical networks.

8.1 Conclusions

8.1.1 Crosstalk Analysis

A list of di�erent forms of optical crosstalk that may arise in WDM networks
was presented in chapter 2. Optical crosstalk is distinguished based on its spec-
tral di�erence with the data signal. It was found that optical crosstalk of the
same nominal wavelength as the data signal causes a serious degradation in sys-
tem performance of optical networks because the signal-crosstalk beat power is
concentrated inside the receiver bandwidth. To calculate the degradation due to
crosstalk, an accurate and numerically simple method was introduced by using
the moment generating function for the receiver decision variable and the saddle-
point approximation. The complexity of the proposed calculation method does not
depend on the number of crosstalk sources because the method uses a multiplica-
tion operation of individual moment generating functions instead of a convolution
operation of probability density functions.

In the presence of a single crosstalk source, a crosstalk level of less than −25
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dB results in power penalties of less than 1 dB. As the number of crosstalk sources
grows, the requirement on crosstalk performance becomes more stringent. To keep
power penalties under 1 dB for eight or more crosstalk sources, the crosstalk power
for each crosstalk source relative to the signal power should be less than −35 dB.
Moreover, system penalties become higher when the extinction ratio of the data
signal decreases. When the laser extinction ratio becomes 10 dB or lower, the sys-
tem penalty increases by more than 1 dB with respect to the system penalty for an
ideal extinction ratio. Furthermore, it was shown in chapter 3 that the presence
of ampli�ed spontaneous emission noise in optically pre-ampli�ed receivers causes
additional system penalties of less than 0.5 dB for external and direct modulation
of laser sources. This additional penalty means that the crosstalk performance
should be improved by approximately 1.5 dB with regard to the crosstalk require-
ment in a system that uses a normal optical receiver.

Systems using direct laser modulation are less vulnerable to optical crosstalk
than those using external modulation. In chapter 3 the crosstalk requirement of
a direct modulation scheme is approximately 2.5 dB less severe than that of an
external modulation scheme. This crosstalk relaxation is caused by broad optical
spectra of direct modulation, allowing �ltering of signal-crosstalk beat noise power
at a bandwidth-limited optical receiver.

8.1.2 Crosstalk Mitigation Technique

A detailed analysis of phase scrambling as a technique to mitigate optical crosstalk
was presented in chapter 4 and chapter 5. This technique has proven its useful-
ness in WDM local and metro area networks. For broader applications of this
technique, two important aspects should be considered. First, �ber dispersion
will induce an additional penalty since the occupied bandwidth of WDM channels
increases because of phase scrambling. This dispersion e�ect will limit the oper-
ating bitrates and the transmission spans considerably. Lower bitrates and lower
dispersion coeÆcients will increase the transmission spans. Second, the channel
spacing should be suÆciently large to allow the increase of channel bandwidths.
Therefore, care should be taken to prevent the optical channel bandwidth due to
phase scrambling not exceeding the channel spacing in WDM systems.

Optimum crosstalk mitigation is obtained when a phase scrambler is driven
by a baseband noise source that is superimposed onto a sinusoidal signal. The
parameters of inuence are the phase modulation index a, the noise bandwidth
Bn, and the central frequency ff . A general rule to �nd the optimum parameters
for an optical signal of a bitrate rb can be explained as follows. For a speci�ed
transmission span L of a �ber with a dispersion coeÆcient D, the maximum signal
bandwidth ��T is given by the dispersion-limited bitrate-distance product rb×L ≤
[4D��T ]

−1
, where ��T consists of the laser linewidth ��CW , the laser modulation

bandwidth ��M , and the phase scrambling bandwidth Bna
2. This relation is valid

if the sinus frequency ff is larger than that of the receiver electrical bandwidth.
For 2.5-Gbit/s bitrate and 200-km �ber length, one can obtain an optimum set
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of the scrambling parameters: Bn = 200 MHz, a = �, and ff ≥ 2 GHz. This pa-
rameter set resulted in a dispersion penalty of less than 1 dB. For low-level system
penalties (≤ 2 dB) and a single crosstalk source, a crosstalk reduction of around
6 dB can be achieved after 200 km. This considerable crosstalk reduction corre-
sponds to a maximum tolerable crosstalk level of −16 dB. For multiple crosstalk
sources, it was estimated in chapter 4 that an optical system can tolerate approx-
imately three crosstalk sources, each having a −20 dB crosstalk level, before the
data signal becomes seriously degraded.

In chapter 5, phase scrambling was evaluated in a WDM system consisting of
an optical cross-connect. The cross-connect was realized by using the InP-based
PIC technology. The crosstalk performance of the integrated cross-connect lies
around −15 dB. Hence, data transmission using this cross-connect results in high
system penalties. By using phase scrambling, the system performance of the cross-
connect was improved to a small penalty of less than 1 dB. Cascadibility of such
a cross-connect was assessed and it was found that a system penalty of 3−4 dB
occurs when two cross-connects, each having −15 dB crosstalk level, are cascaded.
Moreover, if crosstalk powers decrease to values of less than −20 dB, then the
number of cascaded cross-connects in the presence of phase scrambling can be
more than three. These results underline the e�ectiveness of phase scrambling
in improving the system performance of PIC-based devices in multi-wavelength
optical systems.

8.1.3 Integrated Multi-Wavelength Receiver

It is obvious that the success of transparent WDM networks depends on the re-
liability and availability of the constituent optical modules. As optical networks
develop, more complex and higher-speed network modules will develop accordingly.
PIC technology can develop such advanced modules in a form of optical chips to
perform complex optical functions in networks. Such a chip is a multi-wavelength
receiver.

Design, packaging, and performance characterization of such a WDM receiver
were given in chapter 6. It was shown that the receiver performance depends on
electrical interplay between the individual optical front-ends, which are located
closely to each other on the same substrate. With a better design concerning the
electrical properties of the receiver, the number of channels and detection rates
can be improved to accommodate a high-capacity WDM network.

In chapter 6 a PIC-based four-channel WDM receiver was described. Optical
signals of 622-Mbit/s bitrate could be detected properly. Higher bitrates were
diÆcult to obtain due to the severe electrical interplay between the optical front-
ends. Receiver sensitivities of around −25.5 dBm for BER=10−9 were achieved.
The receiver sensitivity was largely limited by the internal response of the pho-
todetector. For multi-channel detection, the receiver sensitivity slightly decreased
by 1.5 dB to −24 dBm.
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8.1.4 Performance Monitoring of WDM Channels

An eÆcient WDM monitoring method based on adaptive signal separation was
presented in chapter 7. The method uses an intelligent combination of optical and
electrical signal processing. In general, an arbitrary number of WDM channels
with higher bitrates can be monitored owing to the adaptive capability of the
signal processing. However, since the monitoring scheme needs to perform a large
number of computation steps, the monitoring time will increase dramatically with
the number of monitored channels. For high bitrates, a long computation time
can be circumvented by reducing the number of detection bits to be monitored.

We have demonstrated by means of a four-channel WDM experimental setup
that the monitoring scheme works satisfactorily for a bitrate of 622 Mbit/s, an
extinction ratio of higher than 8 dB, and an optical signal-to-noise ratio of better
than 20 dB. With a proper combination of an optical pre-detection and an electrical
post-detection ampli�er, the sensitivity of the monitoring scheme is approximately
−28 dBm per channel for a BER of 10−9. Moreover, it was recently demonstrated
in [132] that the scheme can be used to monitor the performance of a 4×2:5 Gbit/s
WDM system.

8.2 Recommendations

8.2.1 Applications

It is not recommended to use the phase scrambling in WDM backbone networks.
The increase of occupied bandwidth due to phase scrambling may exceed the
very narrow channel spacing that is required to exploit the available bandwidth
eÆciently. This technique can speci�cally be employed to help alleviate crosstalk-
induced system impairments in metro or local area networks. An even better
system performance can be achieved if this technique is applied to optical networks
that use low-dispersion �bers. In such networks the e�ect of spectrum broadening
is small and therefore the transmission length can be increased considerably.

Employing phase scrambling in transmitters is more bene�cial than in optical
cross-connects or add/drop multiplexers. In this way, in-band crosstalk sources,
which originate from multiple reections in transmission �bers, can be prevented
from accumulating with crosstalk in optical nodes. These reections may arise
in networks because of a large number of optical interfaces in the networks. In
addition, the state of polarization of optical signals at the laser output is usually
known. By placing a phase scrambler directly after a laser, we can match the
polarization state required for the phase scrambler with the laser polarization
state, thereby increasing the scrambling eÆciency.

With respect to the proposed monitoring scheme, it is not recommended to
monitor WDM backbone networks with this monitoring scheme since the num-
ber of wavelength channels in the backbone networks easily reaches hundreds of
channels which is surely beyond the monitoring capability of this adaptive scheme.
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Recent developments of exploiting the bandwidth of an optical �ber in a backbone
network show that a transmission capacity of 273×40-Gbit/s with a spacing of 50
GHz is feasible [13]. Performance monitoring of such a WDM system will result
in a complex and time-consuming monitoring procedure. Instead, the scheme can
be used e�ectively for local or metro area networks in which only a few number of
channels and relatively low data speeds are employed.

8.2.2 Further Works

In this thesis we have restricted our analysis to a linear form of optical crosstalk
in a point-to-point optical transmission system. Practical networks consist of
several optical nodes that are inter-linked with optical �bers in complex network
topologies. Therefore, the crosstalk analysis should be extended to cover crosstalk
impairments due to non-linearities in optical �bers and optical ampli�ers. Analysis
involving all-optical wavelength converters is also desirable, as optical networks
become increasingly exible in terms of wavelength allocations in sub-networks.

In addition, we have assumed that optical pre-detection and electrical post-
detection �lters do not a�ect the desired signals. This assumption is valid if the
�lters have an ideal property. Optical ampli�ers have been assumed to work in
a linear ampli�cation regime. Most of commercial �lters and optical ampli�ers
will introduce a deformation of received signals that can cause the occurrence
of intersymbol interference and amplitude variations. Expanding the method to
include intersymbol interference and gain saturation e�ects in optical ampli�ers
will lead to an even better understanding of optical crosstalk.

With regard to PIC-based receivers, further research should be directed to-
wards the realization of high-capacity integrated WDM receivers. The receiver
performance critically depends on the response of the detectors, the electrical
shielding of the individual optical front-ends, and the ground issue of the chip and
the circuit board. Some improvements in the design and packaging are of crucial
importance to achieve WDM receivers with higher operational bitrates, higher
receiver sensitivities, and more compact WDM receivers that can compete with
arrays of bulk optical receivers.

An extremely good channel separation was demonstrated in this thesis for a
four-channel WDM system. This result was obtained by using an ideal transmis-
sion scheme: a perfect synchronization between the transmitter and receiver. The
synchronization was realized by connecting clock signals from the transmitter di-
rectly to the receiver circuit. However, in practical receiver systems clock signals
should be extracted from the data signals. Therefore, a clock recovery scheme
that supports detection of optical signals with di�erent bitrates is necessary and it
should be added to the monitoring scheme. In this way, the monitoring scheme can
be used in transparent WDM networks that employ di�erent bitrates. In addition,
future work should be focussed on increasing the computation capability to adapt
the scheme with traÆc uctuations in networks. The work should include an im-
provement of the separation algorithm, an increased electrical signal processing,
and a realization of fast optical signal processing.
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List of Abbreviations

AC Alternating Current
ACTS Advanced Communications Technologies and Services
AIS Adaptive Importance Sampling
AlN Aluminium Nitride
AM Amplitude Modulation
APEX Advanced Photonic Experimental Cross-connect
ASE Ampli�ed Spontaneous Emission
AWG Arrayed-Waveguide Grating
AWGR Arrayed-Waveguide Grating Router
BB Back-to-Back
BER Bit Error Rate
BLISS Broadband Lightwave Sources and Systems
CB Cherno� Bound
CLT Central Limit Theorem
CW Continuous Wave
dB decibel
dBm decibel milliwatt
DC Direct Current
DeMux Demultiplexer
DFB Distributed Feedback
DSP Digital Signal Processing
EA Electrical Ampli�er
EDFA Erbium-Doped Fiber Ampli�er
F-EDFA Fluoride-based EDFA
S-EDFA Silica-based EDFA
T-EDFA Telluride-based EDFA
ER Extinction Ratio
ETDM Electrical Time-Division Multiplexing
FSR Free Spectral Range
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FWM Four-Wave Mixing
GA Gaussian Approximation
GaAs Gallium Arsene
GSG Ground-Signal-Ground
HBT Heterojunction Bipolar Transistor
HF High Frequency
HIA High-Impedance Ampli�er
HNL Helium Neon Laser
HP Hermetian Polynomials
IEC Inner Eye Closure
IM/DD Intensity Modulation/Direct Detection
IN Interferometric Noise
InP Indium Phosphide
InGaAs Indium Gallium Arsene
InGaAsP Indium Gallium Arsene Phosphide
ISI Intersymbol Interference
LAN Local Area Network
LOFI Laser Optical Fiber Interface
MAN Metropolitan Area Network
MCB Modi�ed Cherno� Bound
MEMS Micro Electro-optical Mechanical Systems
MGA Modi�ed Gaussian Approximation
MGF Moment Generating Function
Mux Multiplexer
MWL Multi-Wavelength Laser
MWR Multi-Wavelength Receiver
MZI Mach-Zehnder Interferometer
NC Numerical Computation
NRZ Nonreturn-to-Zero
NTC Negative Temperature CoeÆcient
OADM Optical Add/Drop Multiplexer
OEO Optical-Electrical-Optical ampli�er
OSNR Optical Signal-to-Noise Ratio
OTDM Optical Time-Division Multiplexing
OXC Optical Cross-connect
PC Personal Computer
PCB Printed Circuit Board
PDF Probability Density Function
PDFA Praseodymium-doped Fluoride Fiber Ampli�er
PHASAR Phased Array
PIC Photonic Integrated Circuit
p-i-n p type (positive), intrinsic, n type (negative)
PIIN Phase-Induced Intensity Noise
PRBS Pseudo-Random Binary Sequence
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PS Phase Scrambling
RF electrical Radio Frequency
RIN Relative Intensity Noise
RZ Return-to-Zero
SAD Symmetric Adaptive Decorrelation
SBS Stimulated Brillouin Scattering
SEM Scanning Electron Micrograph
SMA Sub-Miniature A-type connector
SMF Single Mode Fiber
SOA Semiconductor Optical Ampli�er
SOP State of Polarization
SPA Saddlepoint Approximation
SPM Self-Phase Modulation
SRS Stimulated Raman Scattering
SS Space Switch
ST Simulation Tools
TDFA Thulium-doped Fluoride Fiber Ampli�er
TDFA-Tb TDFA with co-doped Terbium ions
TDM Time-Division Multiplexing
TE Transverse Electric
TEC Thermo-Electric Cooler
TIA Trans-Impedance Ampli�er
TL Tunable Laser
TM Transverse Magnetic
V-I Voltage versus current characteristic
WDA Wavelength-Dependent Attenuator
WDDM Wavelength-Division Demultiplexing

Wavelength-Division Demultiplexer
WDM Wavelength-Division Multiplexing

Wavelength-Division Multiplexer
XPM Cross-Phase Modulation
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Appendix C

Samenvatting

Technieken voor overspraak onderdrukking in meer-golengtes
netwerken die fotonische ge��ntegreerde schakelingen bevatten

Wavelength-division multiplexing (WDM), of golengte stapeling, biedt een opti-
male oplossing om aan de steeds groeiende vraag naar datatransmissiecapaciteit
in optische netwerken te voldoen. De enorme bandbreedte van een enkele optische
vezel wordt eÆci�ent benut door gebruik van meer golengtes. Hogere totale capa-
citeit kan verkregen worden door het aantal golengte kanalen te vergroten en/of
door de transmissiecapaciteit van elk kanaal te vergroten.

WDM kan niet alleen gebruikt worden om de transmissiecapaciteit te vergroten,
maar kan ook gebruikt worden om een optisch netwerk met een hogere mate van
betrouwbaarheid en exibiliteit te leveren: optische signalen worden gestuurd en
geschakeld in een optisch knooppunt gebaseerd op hun golengte. Deze golengte
stuur- en schakel mogelijkheden spelen een belangrijke rol bij de realisatie van
geavanceerde optische knooppunten voor toekomstige WDM netwerken.

Voor de realisatie van zulke geavanceerde knooppunten is het gebruik van fo-
tonische ge��ntegreerde schakelingen (PICs) essentieel. Het belang van PICs wordt
groter naarmate de optische functies, die uitgevoerd worden in de optische knoop-
punten, complexer worden. Dit heeft tot gevolg dat losse optische componenten
minder aantrekkelijk zijn wat betreft aantal, afmetingen en prijs. PICs kunnen
deze complexe functies op een eÆci�entere manier vervullen door een aantal op-
tische componenten op een enkele chip te integreren. Hierdoor worden de afme-
tingen van de optische knooppunten aanzienlijk kleiner en worden dure en fragile
vezelkoppelingen vermeden.

Er worden strenge eisen aan de prestaties van optische knooppunten gesteld om
een gespeci�ceerde netwerkprestatie te garanderen. E�en van de belangrijkste eisen
is het laagst mogelijke optische overspraakniveau. Huidige ge��ntegreerde optische
knooppunten hebben te veel last van hoge overspraakniveaus die de toepassing van
zulke geavanceerde knooppunten inWDM netwerken aanzienlijk kunnen vertragen.
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Dit proefschrift beschrijft het onderzoek naar de ontwikkeling van een techniek die
de nadelige e�ecten van overspraak drastisch kan verlagen. Hierdoor kan de kloof
tussen de strenge eisen aan lage overspraakniveaus en de maximale prestaties van
huidige PICs worden overbrugd.

Als het selecteren en schakelen van wdm kanalen in een optisch knooppunt niet
goed worden uitgevoerd dan zal optische overspraak optreden en de datakanalen
verstoren. Classi�caties van overspraak worden in dit proefschrift behandeld. Een
numeriek eenvoudige en nauwkeurige methode, de zadelpuntbenadering, wordt
voorgesteld om de foutenkans en systeempenalties, die veroorzaakt worden door
overspraak, uit te rekenen. Voor lage systeempenalties (≤ 1 dB) en redelijke aan-
tallen overspraakbronnen (≤ 8) moet het overspraakniveau in optische netwerken
kleiner zijn dan −35 dB.

In dit proefschrift stellen wij voor om fase-scrambling te gebruiken om zo het
nadelige e�ect van overspraak in de op PIC-gebaseerde optische knooppunten aan-
zienlijk te beperken. Wij hebben deze techniek onderzocht in een ge��ntegreerde
vier-kanaals optische cross-connect waarvan de prestaties lijden onder overspraak-
niveaus van ongeveer −15 dB. Bij afwezigheid van fase-scrambling wordt data-
transmissie met onacceptabele hoge penalties verkregen bij een bitsnelheid van
2,5 Gbit/s. De resultaten van datatransmissie bij toepassing van een geschikt
scrambling-formaat laten een opmerkelijke verbetering in de systeemprestaties zien
naar penalties van minder dan 1 dB. Het scrambling-formaat bestaat uit basisband
ruis van een paar honderd MHz gesuperponeerd op een sinussignaal met een nomi-
nale fasemodulatie index van � radialen en een frequentie die vergelijkbaar is met
de bitsnelheid. Deze kleine penalties geven aan dat fase-scrambling de toepassing
van ge��ntegreerde cross-connects in huidige WDM netwerken mogelijk moet zijn.
Er moet alleen rekening gehouden worden met de nadelige gevolgen van dispersie
in de glasvezel als gevolg van de spectrale verbreding in WDM signalen. Met een
geschikte keuze van de scrambling parameters zijn de overbrugbare transmissieaf-
standen mogelijk die typisch zijn voor een lokaal (LAN) of metro-netwerk (MAN).

Een belangrijk voorbeeld van PICs is een WDM ontvangerchip die optische
kanaalscheidings- en detectiefuncties integreert. De chip, die ontworpen en gefa-
briceerd is op een InP substraat door de Technische Universiteit Delft, bestaat
uit een phased array en p-i-n detectors. De elektrische stromen van de detectoren
worden versterkt met behulp van commerci�ele elektrische versterkers. Behuizing
en karakterisatie van de ge��ntegreerde ontvanger laten de bruikbaarheid en de be-
perkingen in een volledig operationeel WDM systeem zien. Het optische verlies
van de ingangsvezel naar de detectoren is 8 dB. De systeemprestaties van zo'n
optische ontvanger worden sterk be��nvloed door de elektrische overspraak in het
optische front-end (de combinatie van een detector en een versterker). De gevoe-
ligheid van de ontvangers is −25,5 dBm voor een bitfoutenkans van 10−9. Voor
meer-kanaal gebruik daalt de gevoeligheid tot −24 dBm, wat voldoende is voor
de meeste systeemtoepassingen. Deze resultaten laten zien dat op PIC-gebaseerde
meer-golengte ontvangers toepasbaar zijn in geavanceerde WDM netwerken.

Wanneer men meer-kanaals optische transmissie gebruikt, is het voortdurend
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observeren van de kwaliteit van elk kanaal noodzakelijk. Wij laten een nieuwe
observatie techniek zien die gebruikt kan worden om de individuele WDM kanalen
onafhankelijk van elkaar te beoordelen. Deze techniek is gebaseerd op een intel-
ligente combinatie van optische en elektrische signaalverwerking. De elektrische
signaalverwerking wordt uitgevoerd met een symmetrisch adaptief decorrelatie al-
goritme. Experimenten die vier-kanaals WDM signalen gebruiken laten een uitste-
kende reconstructie van alle kanalen zien. De gevoeligheid in het observatiesysteem
is −22 dBm met een penalty van ongeveer 2 dB. Door een geschikte combinatie
van optische pre-detectie versterking en elektrische post-detectie versterking kan
de observatiegevoeligheid vergroot worden tot −28 dBm per kanaal. Vanwege het
adaptieve karakter van de signaal processor kan deze techniek eenvoudig uitge-
breid worden wat betreft het aantal kanalen en de transmissiesnelheid per kanaal.
Deze techniek toont aan dat een betrouwbare en exibele aanpak van optische
signaalobservatie mogelijk is.
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1. Gezien het eindige karakter van zijn kansdichtheidsfunctie hoeft in-
terferometrische overspraak niet noodzakelijkerwijs te leiden tot de
vorming van error oors.
Dit proefschrift, hoofdstuk 2

2. Door het toevoegen van faseruis aan de optische signalen om de cohe-
rentie eigenschappen te reduceren, kan de invloed van overspraak dras-
tisch worden verminderd. Deze vermindering van overspraak gaat ech-
ter ten koste van de spectrale eÆci�entie en de overbrugbare transmissie-
afstand.
Dit proefschrift, hoofdstuk 4

3. Het onderzoek naar geschikte technieken om overspraak in optische
netwerken te verminderen wordt bemoeilijkt door de vele terminolo-
gie�en die men voor overspraak gebruikt.
Dit proefschrift, hoofdstuk 2 en 4

4. OTDM (Optical Time-Division Multiplexing) vormt geen concurrentie
voor WDM (Wavelength-Division Multiplexing) aangezien binnen elk
WDM kanaal meerdere OTDM kanalen gebruikt kunnen worden.
Dit proefschrift, hoofdstuk 1



5. Het gebruik van exotische acroniemen voor de titel van onderzoeks-
voorstellen kan de acceptatiekans voor een Europese subsidie positief
be��nvloeden.

6. Resultaten van simulatiepakketten zijn schitterend zolang je ze maar
niet met experimentele metingen vergelijkt.

7. Na een ramp roept iedereen om strenge naleving van de veiligheids-
voorschriften, maar in andere tijden moet de overheid kennelijk klant-
vriendelijk zijn voor de ondernemers.

8. Politiek is de kunst van het smoezen verzinnen: nooit praten over
de dingen waar het werkelijk omgaat maar de mensen aeiden door
dingen te zeggen die er niet toe doen.

9. Democratie is een vorm van georganiseerd wantrouwen, en monarchie
is ongeorganiseerd vertrouwen.

10. In een samenleving waar de norm is dat iedereen voor zichzelf opkomt,
moet de mens een hoge mate van individualiteit bereikt hebben om
zich sociaal te kunnen gedragen.

11. Het feit dat gemotoriseerde voertuigen vaak voorrang moeten verlenen
aan niet-gemotoriseerde weggebruikers zoals �etsers en voetgangers, is
nadelig voor het milieu. De nieuwe verkeersregels maken het alleen
maar erger.

12. Het afscha�en van de wachtgeldregelingen voor promovendi zal leiden
tot verslechtering van het wetenschappelijke klimaat in universiteiten.
Promoveren kan hierdoor worden vergeleken met werken als illegaal:
men wordt gedoogd zolang men produceert.
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