
 Eindhoven University of Technology

MASTER

Using dense wavelength division multiplexing in point-to point optical transport systems

Grundlehner, V.B.

Award date:
1998

Link to publication

Disclaimer
This document contains a student thesis (bachelor's or master's), as authored by a student at Eindhoven University of Technology. Student
theses are made available in the TU/e repository upon obtaining the required degree. The grade received is not published on the document
as presented in the repository. The required complexity or quality of research of student theses may vary by program, and the required
minimum study period may vary in duration.

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

https://research.tue.nl/en/studentTheses/3c3674f2-e1dc-473b-87dc-efd2dc0249ba


EINDHOVEN UNIVERSITY OF TECHNOLOGY
DEPARTMENT OF ELECTRICAL ENGINEERING

Telecommunication Technology
and Electromagnetics Group

Using
Dense Wavelength Division Multiplexing

10

Point-to-Point Optical Transport Systems

V.B. Grundlehner

This is the final report of a research study carried out from 1.3.1997 to 28.2.1998

at Swisscom Corporate Technology, Bern, Switzerland

Supervisors at Swisscom:

Ph. D. El. Ing. M. Schiess

dipl. Phys. Ch. Zimmer

Supervisors at Eindhoven University of Technology:

prof. ir. GD. Khoe

dr. ir. H. de Waardt

The Eindhoven University of Technology accepts no responsibility for the contents of theses
and reports written by students.



Abstract

This report describes the results of a research study on Dense Wavelength Division
Multiplexing (DWDM) in point-to-point optical transport systems. The goal of this study was
to acquire general experience on DWDM optical transmission systems and to obtain an
impression of the specific problems and solutions that are typical of DWDM systems. A
DWDM system had to be build and the performance of the different types of external
modulators in this system had to be determined. Furthermore, the influence of linear optical
crosstalk on the system performance had to be characterized.

To achieve these goals, a number of topics were addressed during this study:

First of all, it was concluded that measuring a BER curve is an accurate way of examining the
system performance. For this reason, this report discusses a model with which a theoretical
BER curve can be derived. This model is in good agreement with a BER curve that was
measured using a back-to-back setup. With this setup, a value of -30.5 dBm was found for the
receiver sensitivity at a BER of 10-9

•

Furthermore, two effects that limit the performance of DWDM systems were identified. The
first, spectral broadening, is the result of the applied modulation technique and of the
dispersive nature of standard optical fiber. A discussion of the consequences of spectral
broadening caused by fiber dispersion, showed that a signal modulated at 2.5 Gbitls, that is
traveling through optical fiber having a dispersion coefficient of 17 ps·nm-1.km-1, should be
regenerated after 147 kilometers. When direct modulation is used, this regeneration distance
reduces to 115 kilometers.

The second performance limiting effect that was studied is linear optical crosstalk in the
demultiplexers. In this report, a model is given with which the consequences of this effect on
the system performance can be calculated. Applying this model to a DWDM system having
two channels with a crosstalk level of 9.2 dB and modulation indexes equal to one, shows an
increase in BER with a factor 90 from an initial BER value of 10-13

. Furthermore, it is shown
that in a system with system parameters as mentioned before, a worst case crosstalk level of
9.2 dB causes a power penalty of 1.1 dB at a BER level of 10.9.

This report also identifies many of the components that are used in DWDM systems and
studies their requirements. Special attention is given to the laser source, the external
modulators and the optical channel demultiplexers.

DFB lasers and FP lasers with external cavities were used in the DWDM setup. These lasers
had respective SMSRs of approximately 41 and 56 dB. Both sources were tunable and had
respective linewidths of approximately 30 Mhz and 100 kHz. Furthermore, measurement
techniques with which the laser linewidth can be determined with a high accuracy were
described. The setup using the FPI to measure the linewidth of an unmodulated laser,
produced the best results and a linewidth of 9.7 MHz was measured with this device.

In the DWDM setup, EA and MZI modulators were used. These external modulators provided
respective extinction ratios of approximately 5 and 8 dB when applying a modulation voltage
of 552 mVtop-top. In this report, it is shown that the spectral broadening caused by the applied
modulation technique, can be characterized by the a factor. For the MZI modulator, this a



factor can be as low as zero. Furthermore, BER measurements were made with setups in
which these modulators were present. These measurements showed that the EA modulators
caused a non-linear increase in the BER. The MZI modulator performed better and a receiver
sensitivity of -28.4 dBm at a BER level of 10-9

, was measured.

Special attention was also given to the demultiplexers. The available demultiplexers consisted
of cascaded filters having a channel distance of 1.6 nm. In this report, a definition of the
crosstalk levels in these demultiplexers is given and measurements of the crosstalk levels are
discussed. Characterization of the demultiplexers showed a worst case compound crosstalk
level of 9.2 dB. Measurements showed that such a crosstalk level results in a power penalty of
0.33 dB at a BER level of 10-9

. Furthermore, due to crosstalk, at a BER of 1.4.10-10 a BER
increase with a factor of 71 was measured.
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Introduction

1. Introduction

t(8

This report describes the results of a research study on Dense Wavelength Division
Multiplexing (DWDM) in point-to-point optical transport systems. The optical systems and
their components that are described here, were characterized at the optical laboratory of
Swisscom Corporate Technology in Bern, Switzerland.

At the moment, Swisscom does not operate DWDM systems in the field. As this will change
in the near future, it was felt that in order to gain practical experience on DWDM systems, a
laboratory setup had to be built. As this laboratory system should resemble a DWDM system
as it will be operated in the field, it had to consist of standard DWDM equipment that is
commercially available.

Apart from building and operating this laboratory system, the following topics had to be
addressed during the research study:

• First of all, general experience on the DWDM optical transmission system had to be
acquired and it was necessary to obtain an impression of the specific problems and
solutions that belong to DWDM systems.

• Furthermore, the influence of linear optical crosstalk on the system performance had to be
characterized. Because of the limited attenuation of the power in the adjacent DWDM
channels, the received signal in a channel is distorted which results in a decrease in system
performance.

• Finally, the characteristics of the external modulators in the setup had to be measured. A
method with which these modulators can be characterized had to be developed and the
question which modulator functions best had to be answered.

Swisscom emphasized that this report is to summarize everything that was learned during this
study and that it should provide enough information to repeat the described measurements and
reproduce the obtained measurement data. Therefore, this report gives a comprehensive
description of the different steps and decisions that were taken during this research project. In
chapters two to five, the results that were obtained are presented and discussed whereas
chapter six summarizes the conclusions drawn throughout this report.

The structure of this report can be summarized as follows: After this introduction, chapter two
gives a general description of DWDM systems, characterizes the different DWDM system
components and summarizes the component requirements. Chapter three focuses on the
performance of DWDM systems by providing two methods with which this performance can
be measured and examining two effects that limit DWDM system performance. Chapter four
shows the measurements with which the different DWDM system components are tested and
provides conclusions whether or not these components meet the DWDM system requirements.
Finally, chapter five deals with the influences of linear optical crosstalk on the system
performance.
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Introduction tll3

A more detailed description of the subjects and the chapters in which they are addressed in
this report, is given in the remainder of this chapter.

The topics that are presented in this report and their mutual relationships, are shown in the
following figure:

Figure 1-1. The topics that are presented in this report summarized in a logical arrangement.

In Figure 1-1, the topics that were addressed during this research project are summarized. The
numbers in the upper right comer of a box are a reference to the chapter in which this topic is
dealt with.

In this figure it can be seen that after this introduction, chapter two deals with the DWDM
point-to-point transport system in general. A description of the laboratory setup and the
components in this setup is given. Furthermore, the specific requirements of certain DWDM
system components, as for example the laser source, the modulation scheme and the DWDM
demultiplexer, are identified.

In chapter three, the focus lies on the performance of DWDM systems. It discusses the ways in
which this performance can be determined and describes the performance limitations caused
by spectral broadening and linear optical crosstalk.

Chapter four focuses on the characterization of the system components described in chapter
two. As the linewidth of the emitted laser light should be small, linewidth measurement
techniques and instruments are presented. Furthermore, the performance of different
modulation schemes is measured and the DWDM demultiplexers are characterized.

Finally, chapter five shows the influence of linear optical crosstalk on the DWDM system
performance and therefore, provides experimental results to the theory given in chapter three.

2
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2. Dense Wavelength Division Multiplexing Systems

t(8

The concepts of DWDM optical communication networks are described in this chapter and
although two configurations of DWDM networks are discussed, the focus of this chapter will
lie on the use of DWDM in point-to-point optical transport systems. Furthermore, different
components that are used in these transport networks are described and a description of their
performance and limitations is given.

2.1. Design and applications of DWDM systems

DWDM networks are mainly used in two kinds of network topologies. In transport networks,
DWDM systems are used to increase the capacity of the communication system by
multiplexing optical signals on one long haul optical fiber link. In all optical networks,
DWDM systems are used for routing optical signals by using Optical Add/Drop Multiplexers
(OADM) and optical crossconnects. The latter topology increases the flexibility and
scalability of optical communication systems.

DWDM in transport networks

The multiplexing of optical signals at different wavelengths in transport networks, enables a
network operator to take advantage of the inherent capacity of an optical fiber. The term
Wavelength Division Multiplexing (WDM) mostly refers to the multiplexing of two signals
on one fiber, although optical fiber capacity reaches far beyond the transmission of just two
signals.

In transport networks, signals have to travel over large distances and to overcome the losses
caused by the fiber, Erbium Doped Fiber Amplifiers (EDFAs) are used. This type of optical
amplifier can only be used in the 1550 nm window and for this reason, this window was
chosen to transport multiple optical signals over one fiber. The International
Telecommunication Union (lTU) subdivided this window in optical channels spaced 100 GHz
(or 0.8 nm) apart and each channel in this allocated grid has a defined wavelength at which
signals should be transmitted. Within the 1550 nm window, EDFAs can amplify a lot of
signals simultaneously and it is this feature that has stimulated the rapid growth of optical
transport networks.

At this moment, Ciena Corp. offers a commercial system in which each of 40 optical channels
transmits 2.5 Gbitls. Furthermore, a laboratory system with 132 channels, each transmitting 20
Gbitls, has been demonstrated [YAN96]. In this report, this dense packing of optical channels
on one fiber is referred to as Dense Wavelength Division Multiplexing (DWDM).

3



Dense Wavelength Division Multiplexing Systems tl8
The enormous increase of network capacity that is obtained by installing a DWDM system, is
made possible by recent technological improvements of the Distributed Feedback (DFB) laser
source, the EDFAs and the optical channel demultiplexers. A schematic representation of a
point-to-point transport network using DWDM technology is shown in the following picture:

Figure 2-1. A point-to-point DWDM transport network able to transmit data from various data sources.

In this figure, signals stemming from different sources are fed to transponders that
accommodate the signal to the DWDM network. The data signals are modulated on a carrier
signal that is emitted by different lasers at different wavelengths for each channel. A DWDM
demultiplexer couples the different signals on one fiber and the compound optical signal is
amplified by a booster amplifier. Approximately every hundred kilometers of standard fiber,
an EDFA in-line amplifier is used to amplify the transmitted signal. At the receiving end, the
signal is amplified by an EDFA functioning as pre-amplifier and demultiplexed. Finally, for
each channel, photodetectors convert the optical signals to the electrical domain.

The DWDM point-to-point transport system shown above, offers an optimized usage of
optical fiber. Apart from that, the system is both scalable and flexible, enabling additional
capacity to be added or removed easily based on bandwidth demand, without having to layout
new fiber.

However, the exorbitant costs of the desired DWDM system components, as for example
tunable lasers, routers, wavelength converters and optical switches, still make DWDM a costly
hobby. Furthermore, a number of technological problems including fiber dispersion, fiber non
linearities, DWDM filter crosstalk and EDFA gain deficiencies still have to be solved.

In the following, a short description the different components shown in the preceding picture,
will be given.

The use of DFB lasers in this system ensures steady transmitted output powers at stable
wavelengths with a small laser linewidth. These requirements are necessary to limit the
performance degrading effects of crosstalk and fiber dispersion. Furthermore, when DFB
lasers with small linewidths are used, the signal information is transmitted in a small spectral
band and narrow bandpass filters can be used at the receiver end, which limits the signal to
noise ratio.

The linewidth of a DFB laser can be as small as 0.1 pm or 12.5 MHz at 1550 nm but depends
on both the laser temperature as well as the injected laser current. Therefore, temperature
controlling of the laser cavity is needed to keep the emitted linewidth at a constant value.
Also, direct modulation of the injected laser current causes transient effects in the laser that

4



Dense Wavelength Division Multiplexing Systems t£i3

express themselves in spectral broadening or chirp and an external modulation scheme should
be applied to keep the emitted laser spectrum small.

The modulators in this system are used to impose the data signal on an optical carrier. As
stated before, external modulators are preferred as they cause less additional broadening of the
signal spectrum. Modulators should provide high extinction ratios at low drive voltages. The
modulation schemes that are used during this research study are of the electro-absorption and
Mach-Zehnder Interferometer type.

In general, these modulators consist of waveguides of which the optical properties are changed
by a modulation voltage through the electro-optic effect. The changes in waveguide cause a
phase change or a change in the waveguide absorption. In general, the phase change results in
the previously mentioned spectral broadening. In this chapter, it is shown that this additional
spectral broadening can be characterized by the so called a factor.

The EDFAs used in the system amplify multiple wavelengths simultaneously and a
transmission link using cascaded EFDAs can cover several thousand kilometers without
regeneration of the optical signal. In the transmission link shown above, EDFAs are used as
booster, in-line amplifier and pre-amplifier, depending on their position in the system. The
EDFA can be used to amplify signals with wavelengths ranging from 1530 to 1560 nm so that
with a standardized channel distance of 0.8 nm, up to 37 optical channels can be amplified
simultaneously. Furthermore, the EDFA amplification factor of a single optical channel can be
as high as 30 dB, depending on the signal wavelength and the total EDFA input power.

One of the drawbacks of EDFAs is that the gain profile as a function of wavelength is not flat.
This effect causes differences in EDFA output power at different wavelengths, especially
when the signal has passed several EDFAs. This effect is characterized by the EDFA's gain
flatness and the resulting amplitude differences have to be equalized. Another limitation of
EDFAs is the gain competition of the different channels. This term denotes the effect that
when a channel is switched off, the other channels will experience higher gain. Also, based on
the process of spontaneous recombination within the EDFA, Amplified Spontaneous Emission
(ASE) will be present at the amplifier output and will consequently degrade the signal to noise
ratio.

The transmission medium between transmitter and receiver is formed by the optical fiber. In
the 1550 nm window, standard single mode fiber offers low attenuation but, unfortunately, has
considerable dispersion that limits the so called bitrate-distance product, as will be shown in
paragraph 3.2. Another performance limiting effect is the so called Polarization Mode
Dispersion (PMD). When an optical fiber has not got an ideal circle shape, the two orthogonal
polarization modes have different propagation times. At the receiver end, this means that
because of PMD, the signal powers coupled in the different polarizations, will arrive at
different times and consequently, the data signal will be smeared out in time.

Other performance limiting effects of optical fiber become apparent when EDFAs are used.
By using these amplifiers, the transmitted signal power will be high enough to cause non
linear effects that reduce the DWDM system performance. These effects include Stimulated
Brillouin Scattering (SBS), Stimulated Raman Scattering (SRS), Self-Phase Modulation
(SPM), Cross-Phase Modulation (XPM), and Four Wave Mixing (FWM).

5
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Stimulated Brillouin Scattering occurs when a lattice vibration is generated by a strong
electro-magnetic field in the fiber. This strong field is usually caused by a high power optical
signal which will be reflected due to these vibrations. The result of SBS is a non-linear fiber
attenuation and consequently, a decrease in received optical signal power.

Stimulated Raman Scattering is caused by an interaction between the light and the fiber
molecules which produces scattered light at higher wavelengths. Thus, loss of signal energy
will take place and when the higher wavelength is already used by another optical signal,
crosstalk between the channels will occur.

Self Phase Modulation results from the fact that at high input powers, the fiber refractive
index depends on the transmitted optical power. This non-linear behavior of the refractive
index causes power dependent fluctuations of the signal phase which increases the signal
spectral width thus increasing the performance limitations caused by dispersion.

Cross Phase Modulation is caused by the same effects that were mentioned for SPM.
However, in this case phase modulation of an optical signal is the result of power fluctuations
in other optical signals.

When optical signals are multiplexed on one fiber, interaction between the optical channels
through the non-linear refractive fiber index generates additional sum a!1d difference
frequencies. This effect is denoted as Four Wave Mixing and causes both a loss in signal
power as well as crosstalk if these additional frequencies are already occupied.

Of course, all these non-linear effects can be eliminated by reducing the amount of optical
power that is transported through the fiber. However, a certain power level is needed to obtain
a minimum signal to noise ratio at the receiver. Non-linearities will also be reduced by
increasing the fiber core because this reduces the light intensity. Furthermore, the effects of
SRS and FWM can be reduced by using fiber with some amount of dispersion.

The DWDM filters demultiplex the optical channels enabling detection and processing by the
respective receiver units. When the received spectrum is demultiplexed, the DWDM filter
should adequately reject the signal power in the other optical channels to avoid interband
crosstalk which can result in a severe increase in BER. Even with ideal shaped filter
characteristics, a wavelength management scheme that keeps the laser sources in their
respective wavelength bands, should be present within the DWDM system in order to limit
crosstalk. An additional problem with the demultiplexers can be the temperature dependence
of the filter characteristics.

DWDM in all optical networks

The next step in optical networking is a transition from the point-to-point network topology to
all optical networking including local exchange access networks. The first step in this
transition is the use of static OADM. These devices enable fixed wavelengths to be added to
or dropped from the optical multichannel bundle. In this stage, a ring structure will provide a
simple form of network protection: when a link fails because of a damaged fiber link, the data
is rerouted in the other direction of the ring.

6



Dense Wavelength Division Multiplexing Systems t~

As time progresses, more sophisticated network structures will be designed and later
generations of optical networks will include OADM with a dynamic selection which
wavelengths are to be added or dropped at a site. Finally, dynamic matrix switches will enable
optical crossconnects to be made thus linking several optical rings.

Problems that still have to be addressed in the field of all optical networking include the
management of these networks, the way in which protection and redundancy is offered and the
interoperability between different systems, including the operator's already installed legacy
systems.

2.2. The DWDM system setup

At Swisscom Corporate Technology, it was decided that in order to obtain experience on
DWDM systems, a setup, resembling a first approach towards a long haul point-to-point
optical transport network, had to be built. This setup was to contain of the shelf, commercially
available, standard components so that the resulting system could easily be re-built and
operated in the field. Eventually, the system that was designed looked as follows:

--- =optical fiber
................. =copper

dB Attenuator

Eye Diagram
TekCSAB03

IQDXJQI

7
B

5
6

1
2
3
4

Delay
12km

Measurement set-up for WDM transmission experiments Swisscom CT-ATS Christian Zimmer &Vincent Grundlehner 16.01.1998

Figure 2-2. The DWDM system operated at Swisscom Corporate Technology.

Setup description

The optical signal that was to be transmitted, was generated by the HP E1675A SDH signal
generator which is part of the HP 75000 Series 90 Modular SDH Analyzer. The generated
2.488 Gbit/s random data signal is transmitted according to the SDH protocol at a wavelength
of 1300 nm.
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Dense Wavelength Division Multiplexing Systems tli1
In the setup, the optical data signal is used to drive the external modulators at 2.5 Gbitls and as
these modulators require an electrical driver signal, the generated optical signal was converted
to the electrical domain by the Tektronix OlE converters. The optical signal leaving the HP
E1675A, is attenuated with three to five decibels which is necessary in order to limit the input
power of the converters. The resulting electrical signals are connected to Electro-Absorption
(EA) modulators and, through a modulator driver, to a Mach-Zehnder Interferometer (MZn
modulator.

The two EA modulators are integrated with two DFB lasers which are tunable over a
wavelength span of 1.5 nm. One of the laser signals is fed through 12 km of optical fiber so
that the optical signals entering the demultiplexer are decorrelated. The length of this fiber
suffices to decorrelate both signals as is explained in Appendix C.

The other signal that is connected to the DWDM demultiplexer comes from the HP 8l68F
Tunable Laser Source (TLS) which is modulated by the MZI modulator. The TLS and the
modulator are connected with a Polarization Maintaining Fiber so that the State of
Polarization (SOP) of the light entering the modulator remains constant during the
measurements. This requirement is vital because otherwise, the SOP of the light at the MZI
input would constantly change and consequently, the MZI modulator output power would
fluctuate during measurements. More details about this effect are given in sub-paragraph
2.4.2.

The two DWDM demultiplexers consist of cascaded filters with channels that are spaced 200
GHz (or 1.6 nm) apart. At the output of the demultiplexer, the optical signals can either be
converted and displayed on a Tektronix sampling oscilloscope, or be attenuated and connected
to the SDH receiver via a feedback loop.

Determining the system performance

With the setup shown in Figure 2-2, it is possible to determine the performance of the several
laser/modulator configurations by measuring Bit Error Ratio (BER) curves or eye diagrams.

A BER measurement is made by transmitting a number of bits and, at the receiving end,
comparing the received bits with those that were transmitted. The ratio of the number of
transmitted bits and the number of detected errors is denoted as the Bit Error Ratio (BER). A
BER curve as a function of the input power is obtained by measuring errors for different
values of the input attenuation.

The following formula describes a measured BER value:

# of received errors
BER=------

t·B
(Eq.2-1)

In this formula, B equals the bitrate and t equals the duration of the measurement in seconds.
To obtain accurate results for the BER measurements, at least 100 errors were detected before
a measurement was stopped. When 100 errors are to be detected, the time-bitrate product t·B
equals 100/BER. In other words, measuring small BERs at low bitrates takes a lot of time.

8
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With the HP 75000 Series 90, a direct comparison of the transmitted and the received bits is
only possible within a 155 Mbitfs STM-l frame of the 2.488 Gbitfs STM 16 signal. When a
BER of 10-9 should be measured at this bitrate, a measurement time of approximately 645000
seconds or 7.5 days is required according to the formula above. This is not realistic and it is
for this reason that within the SDH protocol, an error detection mechanism is defined.

SDH error detection

As was shown above, a direct comparison of the transmitted and received bits in our setup is
not practical because of the low data rate and the resulting high measurement time. However,
the SDH protocol provides an alternative error detection scheme based on Bit Interleaved
Parities (BIP).

Within a STM-l frame, one Bl error detection byte and three B2 error detection bytes are
available, as is shown in the next figure:

Figure 2-3. The different error detection bytes within a STM-l frame.

The SDH error detection scheme can be clarified with the following picture:

10100101 101010010/10101010/01011001/011100011 101101100

1 o 1

Figure 2-4. A random data sequence divided into eight parts is processed by parity generators.

9



Dense Wavelength Division Multiplexing Systems t18
First of all, as the B1 byte consists of eight B1 bits, the data that is checked for errors is
divided in equal parts of 8 bits length. From each data part, the value of the first bit is read and
a parity bit is generated to make the sum of the bits that were read, even.

In the example shown in Figure 2-4, the first parity generator counts three bits that are equal to
one and therefore, it generates a bit equal to one. The second parity generator reads the second
bit of each data part which, in the example, adds up to six bits with value one and
consequently, a zero is generated.

After the data has been processed by all eight parity generators, an eight bit parity code is
created and put into the next STM-l frame. Upon reception of the frames, the process is
repeated and a reception parity code is generated. Finally, the parity codes of transmission and
reception are compared and each difference in these two codes results in an error.

The B1 parity byte is related to the entire STM-N data stream, whereas the three B2 bytes relate
to one STM-l frame only. In a 2.488 GbiUs signal, 16 STM-l frames are transmitted every 125
Jls. In this time interval, one B1 byte and 48 (16 x 3) B2 bytes are available. In other words,
using B 1 bytes for error detection within a 2.488 GbiUs signal, limits the detectable BER to

8000·8
2.488.109 = 2.57.10-5

• As there are three B2 bytes in each STM-l frame and 48 B2 bytes in

each STM-16 frame, the resulting maximum detectable BER will be 48 times larger: BERmax, B2

=1.23.10-3
•

A big disadvantage of this detection method becomes apparent when large BER values are to
be measured. For large BER values, the chances are high that more than one of the bits that is
examined by a parity generator, has changed values. As the error detection scheme only
checks the data parity, multiple errors will go unnoticed. In practice, this effect results in a
saturation of the BER curve at low input powers. Fortunately, at these high BER values, it
does not take a lot of time to measure 100 transmission errors and therefore, the alternative
error detection method that compares each transmitted and received bit within a STM-l frame
(155 MbiUs), can be used.

Measurement remarks

In the previous text, it was explained that the system performance can be determined by
measuring the BER. However, the best way to measure the BER would be to use the data
output of the SDH signal transmitter directly to drive the external modulators. In this way, the
E/G converters are not needed which would improve the signal to noise ratio. As will be
shown below, the data output cannot be used to drive the external laser modulators because at
this output, a clock signal is not present.

10
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The electrical data output of the HP SDH transmitter is not an exact representation of a 2.5
Gbit/s SDH signal. In the SDH protocol, a new frame is send every 125 Jls and for frame
synchronization, a clock signal at 8 kHz is used. However, a comparison of the spectra of the
optical output and the electrical data output shows that there is no frame synchronization
signal available in the latter:

ATTEN :LOdB
RL -20.0dBm :LOdB/

MKR B. OkHz

! I I~
f-Spectrum of optical output__-+-__HI-\-\--+.---+---+---+----1

rlt...,.tt.~r""'-.....LL"J"""'I/l.lWM~·J~ML~ ....~1.~~.r+/'n1'J.M..'tr1VJ \.iIv-~·_w.Ir~l>\MJi1MI"iLiCH~r.I·W1.w..J'··~·r'r·NMI'1IlII...... .,.. T'" 1''\'" I,.." r .v '-or r~ ,. vv r ''''W
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Figure 2-S. The spectra of the optical output (top) and the electrical output (bottom) in the vicinity of 8 kHz.

As can be seen in this picture, the clock signal fails at the electrical output and this signal
cannot be used for the BER measurements.

Although the SDH signal transmitter has an extra clock output at which timing information is
available, the data and clock signals are then separated and after connecting them separately to
external circuitry, time differences between the two can easily arise and synchronization is
lost. It is suspected that this is the main reason that the experiments using the data output
directly were not successful.

Therefore, it was concluded that the only possible way of properly modulating the laser
sources was to convert the optical 2.5 Gbit/s output signal to the electrical domain and use this
converted signal for modulation purposes.

Now that the DWDM setup that was used during this research project has been shown, a
description of the different components in this setup is given.
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2.3. The laser source

t(8

To avoid crosstalk and limit the effects of fiber dispersion in long haul DWDM networks, the
laser sources that are used should transmit light at a constant wavelength and with a small
spectral width. Furthermore, light sources should be tunable and emit a stable output power.

In standard double heterojunction semiconductor lasers, the light waves generated by
stimulated emission travel back and forth between the two cavity facets. Constructive
interference between the forward and backward traveling waves exists only for wavelengths
that comply with the following relationship:

A
L=m·

2n
CEq. 2-2)

In this formula, L equals the laser cavity length, n the refractive index of the cavity, Athe free
space wavelength and m an integer.

An example of such a semiconductor laser is shown in the following picture:

n -lnP
In sP
(active)

". -lnP
(substrate)

Figure 2-6. Schematics of a ridge waveguide, Fabry-Perot semiconductor laser.

The band gap between the conduction band and the valence band of the active region,
determines the main frequency of the emitted light. As electrons also recombine from slightly
higher or lower energy levels, the light emitted after the recombination of electrons and holes
lies in a continuous spectral band. However, as emitted lightwaves also have to follow the
requirement stated in CEq. 2-2), the light emitted by a semiconductor laser consists of
quantized wavelengths, limited to a certain spectral band.

Both the cavity length as well as the refractive index of the active region are a function of
temperature and the injected laser current. Therefore, the requirements of stable peak power,
peak wavelength and linewidth are only met when the temperature and the injected current are
held constant. To meet these demands, external circuitry, consisting of a thermoelectric
cooler, a temperature sensor, a monitoring photodiode and an optical isolator to avoid back
reflections, is necessary.

12
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Looking at (Eq. 2-2), it is clear that because of the resonance modes in the Fabry-Perot cavity,
the emitted laser spectrum consists of a number of emitted peaks at different wavelengths. An
example of such a Fabry-Perot spectrum is shown in the following picture:
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Figure 2-7. The spectrum emitted by a Fabry-Perot laser.

The resonance peaks in this spectrum have the form of Lorentz curves, that can be described
by (Eq. A-12):

1/ r c
Slaser (f) =2A· -(2-;r-(f---j,-o-»"";;'z-+-(l-/-r-c>-z (Eq. A-12)

This so called Fabry-Perot spectrum that is generated in the semiconductor laser described
above, is not suitable for transmission through long haul DMDM systems as the large number
of emitted spectral components results in a broad laser spectrum that causes severe
performance degradation when dispersive fiber is used. In order to limit the number of
generated spectral components and suppress the side modes, the following laser structure is
used:

p-type

Figure 2-8. Schematic representation of a DFB laser structure.

This laser is called a Distributed Feedback (DFB) Laser which has a grating with a period A
etched in one of the cladding layers that surrounds the active layer. This grating causes so
called Bragg reflections that only result in constructive interference only for wavelengths AB

A
that satisfy: A =m .2. The coupling between the forward and backward waves is strongest

2n
for the first order Bragg diffraction (m=1) whereas waves that result from higher order
diffractions will be attenuated. The light in the cavity has to follow both (Eq. 2-2) and the
formula for the Bragg reflection in order to obtain constructive interference. In this fashion,
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only one wavelength will propagate inside the cavity and a suppression of the side modes will
be achieved which results in a large Side Mode Suppression Ratio (SMSR).

In the DWDM setup shown in Figure 2-2, the two lasers with integrated electro-absorption
modulators are DFB lasers with a specified linewidth smaller than 30 MHz and a tunable
wavelength range of 33 nm. The spectra of these lasers look as follows:
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Figure 2-9. The emitted spectra of the DFB lasers used in the DWDM setup.

As was expected, the side modes in the DFB laser spectrum are highly suppressed with regard
to the main mode. The SMSR for these laser sources equals 41.4 dB for EAL1 and 42 dB for
EAL2. With this amount of side mode attenuation, the spectral energy is mainly present in the
main mode and consequently, the spectral width of the unmodulated optical signal equals the
linewidth of this main mode. From these considerations, it is clear that the DFB laser structure
is an appropriate design that keeps the emitted laser spectrum within the necessary bounds.

Another configuration of a laser source that has sufficient side mode suppression is the
external cavity semiconductor laser which is shown in the next figure:

I

Figure 2-10. A schematic diagram of an external cavity laser
consisting of a semiconductor laser and an external grating.
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In this setup, the diode facet facing the external grating is antireflection coated so that the light
traveling in this structure not only resonates inside the laser cavity, but also between the non
coated laser facet and the diffraction grating. By adjusting the rotation angle of the diffraction
grating, the length of the external cavity is altered and consequently, the resonating
wavelength becomes tunable over a wavelength range of several tens of nanometers.

The tunable laser source that was used in the setup depicted in Figure 2-2 is of the external
cavity type and its output spectrum looks as follows:
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Figure 2-11. The emitted spectrum of the tunable external cavity laser used in the DWDM setup.

The Fabry-Perot side modes of this laser are highly suppressed, just as in the case of the DFB
laser sources. For this particular laser, the SMSR was 55.7 dB and therefore, it can safely be
concluded that the width of the emitted laser spectrum equals the linewidth of the main pulse.
According to the specifications, the width of this pulse is less than 100 kHz and this device is
tunable over a wavelength span of 140 nm. As the tunable laser meets the DWDM
requirements, it can be concluded that this device is almost ideal for usage in DWDM
systems.

An apparent drawback of the external cavity laser design is the reduced stability of the
mechanical construction compared to the stability of, for example, a monolithically integrated
external cavity. Another drawback of this laser configuration which, in principle, is valid for
all laser sources with small linewidths, is the fact that the laser source is very sensitive to
reflections. For laser sources with these extreme small linewidths, the corresponding
coherence time 'rc (see (Eq. A-B)) and the resulting coherence length, are very large and
consequently, the laser source is susceptible to reflected optical signals that are still coherent
with the emitted optical signal. Therefore, using an optical isolator directly after the laser
output is advisable.

In this paragraph, the necessity of a stable laser source emitting a small bandpass spectrum
was discussed and several solutions to this requirement were presented. However, data can
only be transmitted over an optical path when it is superposed by modulation on an optical
carrier wave. In general, modulation causes broadening of the emitted laser spectrum which
leads to system degradation when such a spectrum is transmitted over several hundred
kilometers of dispersive fiber. For this reason, choosing the appropriate type of modulation is
very important and therefore, a discussion on the available modulation types will be presented
in the next paragraph.
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2.4. Modulating laser sources

t~

In the preceding paragraph attention was paid to the width of the emitted laser spectrum.
However, having a laser with a smalilinewidth is not enough to ensure that the spectral width
w of the transmitted signal, is small as well. The type of modulator also has an influence on
the spectral width and choosing the right modulator can improve the system performance
enormously.

Ideally, the type of modulation that is used to impose a data signal on the optical carrier,
should not cause additional broadening of the transmitted laser spectrum as this reduces the
performance of long haul DWDM systems. Another requirement of any type of modulation is
that the extinction ratio, defined as the ratio between the amplitudes of a logical one and a
logical zero, should be large.

In general, one can distinguish two modulation schemes; direct modulation and external
modulation:

• with direct or intensity modulation, the data pattern that is to be transmitted is imposed on
the laser current. This variation of the injected laser current causes changes in the cavity
temperature and in the carrier density. The changes in temperature result in a variation of
the cavity length and the refractive index whereas the changes in carrier density result in a
change of the refraction index.

From (Eq. 2-2) it is obvious that these changes of the waveguide properties, that are
induced by the applied modulation current, result in variations of the resonance wavelength
and as can be seen in the following picture, the resulting optical signal will be both
amplitude and frequency modulated:

Figure 2-12. The optical output signal of an intensity modulated laser.
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Due to the additional frequency modulation, the spectrum broadens and the spectral width
of the light at the output of the laser is a function of both the modulation index and the
modulation frequency.

• with external modulators, the data pattern that is to be transmitted is usually applied to an
optical waveguide in a way that causes changes in the electromagnetic properties of the
waveguide. These electro-optic effects result in a modulation of the amplitude or phase of
the optical signal that travels through the waveguide. The two external amplitude
modulators that are discussed throughout this report, are the electro-absorption (EA)
modulator and the Mach-Zehnder Interferometer (MZI) modulator.

With both types of modulators, the properties of the external waveguide material are
changed by the applied modulation signal which can result in a phase change of the light
traveling through the material. These phase variations result in a change in signal frequency
and consequently, cause spectral broadening. Another effect that leads to frequency
modulation stems from the fact that the back reflections between the laser and the external
modulator also depend on the electro-optic properties of the external modulator. In other
words, applying a varying electrical field to the external modulator results in variations of
the back reflections and when these are successfully coupled into the laser source, phase
modulation will again be the result.

With these two types of modulation, a large extinction ratio can be obtained but in general,
spectral broadening will occur.

The influence of the type of modulation on the broadening of the optical pulse is described by
the linewidth enhancement factor a. This factor, which was first defined by Henry in
[HEN82], equals the ratio of the amplitude modulation and the phase modulation. A short
derivation of a formula which describes this a factor and is valid for semiconductor
waveguides, is given below.

In [KOY88], the electrical field and phase at the output of any waveguide, are written in the
following way:

I I-I I -kon"LEout - Ein ·e (Eq.2-3)

(Eq.2-4)

In these equations, IEinl and \Eoutl are the input and output amplitudes of the electrical fields, ko
is the propagation constant in free space, L equals the length of the waveguide and n' and n"
are the real and imaginary parts of the refractive index. From these equations it is evident that
the amplitude of the modulated light is a function of the imaginary part of the refractive index
whereas the phase of the emitted light is a function of the real part of the refraction index.

By applying a modulation field to the modulator waveguide, the carrier density inside the
waveguide changes which results in a change of n". Consequently, as can be seen in (Eq. 2
3), this leads to modulation of the amplitude of the optical signal. However, due to the
modified carrier density, the real part of the refractive index also changes. This results in a
phase change and consequently in broadening of the spectral width.
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In other words, chirping is a result of a variation in phase due to a variation in amplitude.
Through (Eq. 2-3) and (Eq. 2-4), it is seen that this effect equals a change in n' due to a
change in n". For this reason, the linewidth enhancement factor a, that is used as a measure
for the amount of additional modulator chirp, is defined as follows:

a =_dn_' =2 ._d---,f/J/,--d_t_
dn" 1/S· dS/dt

(Eq.2-5)

In this formula, S equals the output intensity IEoud2 and from (Eq. 2-5) it is clear that the
linewidth enhancement factor equals the ratio of the change in phase and the change in output
intensity.

Although (Eq. 2-5) was derived for semiconductor waveguides, it can be stated that the a
factor is a general measure for spectral broadening and equals the ratio of the amplitude
modulation and the phase modulation.

In (KOY88], an a value between 2 and 7 is given for intensity modulated GaAs or GaInAsP
lasers. For a DFB laser with an integrated EA modulator, the given linewidth enhancement
factor equals 1.6 whereas MZI modulators that are designed properly can have an a factor as
low as zero. In the next chapter, the influence of the additionallinewidth broadening and the a
factor on the DWDM system performance will be shown. Furthermore, in sub paragraph 4.2.1,
the effects of intensity modulation on the spectral broadening of a DFB laser will be studied.

From these considerations, it is clear that intensity modulation is not the preferred type of
modulation in a DWDM system. External modulation by EA or MZI modulators results in a
smaller a factor and will be more suitable for use in DWDM systems. For this reason, the next
sub-paragraphs will give a short theoretical description of these two types of modulators.

2.4.1. Electro-Absorption modulation

In the DWDM setup shown in Figure 2-2, the two DFB laser sources have integrated EA
modulators (Lucent 2665 EM-ILM) and with these DFB-EA components, BER
measurements, described in sub-paragraph 4.2.2, were made.

The basic functionality of an EA modulator can be described with the following picture, taken
from (TAK97]:

....~~==~~jljl Si-InP

p-InP

MQW Absorption Layer
n-InP

Figure 2-13. A schematic representation of a DFB laser with an integrated EA modulator.
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Normally, the EA modulator is transparent for light in the 1550 nm window. However,
semiconductor material absorbs light when the photon energy exceeds the bandgap between
the conduction and the valence band. By applying an external electrical field to the modulator,
the cutoff wavelength of the absorption layer below which absorption occurs increases and the
incident light coming from the DFB laser is absorbed. In this way, modulation bandwidths of
several tens of gigaherz are possible. For the devices that were used during this study,
extinction ratios of 7.2 dB (EALl) and 5 dB (EAL2) could be obtained by applying a
modulation signal of 552 mVtop-top at a modulation frequency of 2.5 GHz.

2.4.2. Mach-Zehnder Interferometer modulation

The other type of modulator used in the DWDM setup was a Mach-Zehnder Interferometer
modulator. The basic layout of this type of modulator is shown in the following picture:

k

waveguide

electrode

Figure 2-14. The basic Mach-Zehnder Interferometer modulator layout.

A Mach-Zehnder Interferometer waveguide is formed in an electro-optic material such as
LiNb03• After applying an electrical field across the waveguide, its refractive index changes
through the linear electro-optic or Pockels effect. The change in refractive index as a function

n 3

of the applied electrical field, is given by: On = TlfjE j'

In this expression, no equals the refractive index when no field Ej is applied and rij is the linear
electro-optic coefficient of the electro-optic material. The indices i and j denote the axes of the
anisotropic crystal structure of LiNb03, as shown in Figure 2-14. The preceding expression
shows that the change in refractive index is proportional to the electrical field applied in the j
direction of the crystal. As the electrical field in the two waveguide arms points in opposite
directions, the design of Figure 2-14 causes an opposite refractive index change in both arms.

The phase change that is the result of the change in the refractive index, is given by:
2n 1CL 3

of/> =of3L =---;:OniL =;:nolfjE j (Eq.2-6)
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In this equation, L is the length of the waveguide which is affected by the changes in the
electrical field. (Eq. 2-6) shows that for a certain applied electrical field, the phase difference
between the two arms can equal a multiple of 7t and on recombination, the two signals
interfere destructively. The resulting signal is a higher order unguided mode which is absorbed
in the surrounding semiconductor material so that no signal appears at the modulator output.

The electromagnetic field at the modulator output is the sum of the fields in the two arms and
can be written as follows:

E = E;n (e- j/3tL +e-j~L) =E. cos(~f3'L)e-jliL
out 2 In

(Eq.2-7)

In this equation, the term jf3I L denotes the phase change in the first arm due to the electro
optic effect. The parameter f3I equals the propagation constant and again, L is the length of the
waveguide that is affected by the changes in the applied electric field. Furthermore, ~f3 equals

(f3I - f32)/2 whereas lJ=(A + f32) 12.

When a modulation signal is applied, the propagation constants f3I and f32 will change with the
same amount but with an opposite sign. Consequently, the difference between the two
propagation constants ~f3, will fluctuate and according to (Eq. 2-7), amplitude modulation will
result.

However, because the phase change described by (Eq. 2-6) is equal in amplitude and has an

opposite sign for the two waveguide arms, f3 in (Eq. 2-7) remains constant during modulation

and consequently, the phase of the field at the modulator output remains constant. For this
reason, a MZI modulator can be designed in such a way that it does not cause additional
spectral broadening and has an a factor equal to zero.

The linear electro-optic coefficient of the electro-optic material, rij, changes along different i,j
directions in the waveguide. Consequently, a lightwave with a certain State of Polarization
(SOP) and specific intensities along the i and j axes, will "see" a specific value of rij.

However, light with a SOP that changes in time, will "see" a time dependent rij and will have
a time dependent phase change.

Through this effect, the electro-optic coefficient depends on the SOP and therefore, the
amplitude at the modulator output will also be a function of the SOP and a random change in
SOP will cause intensity modulation. This random modulation influences the BER and to
eliminate this unwanted effect, the SOP of the light at the modulator input has to be kept
constant. In the setup depicted in Figure 2-2, this requirement is met by using Polarization
Maintaining Fiber (PMF) between the tunable laser source and the modulator.

From (Eq. 2-7), the amplitude of the light at the modulator output can be written as:

(Eq.2-8)

Because ~f3 depends linearly on Ej , the output intensity is a linear function of the applied
modulation voltage within the linear region of the cos2 function. So as long as ~f3L remains in
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this linear region, linear modulation is obtained. With MZI modulators, bitrates up to 10 GHz
can be obtained whereas the a factor can be as low as zero.

The MZI modulator that was used in the DWDM setup was connected to a driver that
amplifies and partially reshapes the modulation signal to the appropriate levels. The driver had
to be mounted on a heat sink and connections to an external power supply had to be provided.
The amplification factor of the driver was controlled by a bias voltage. A picture of the
modulator and driver setup is shown in Figure 2-15:

SMA cable connecting
driver to modulator

MZI modulator

Optical input

Figure 2-15. The MZI modulator connected to the driver, together with the contact plugs for the power supply.

The MZI modulator setup shown above provided 2.5 Gbit/s modulation with an extinction
ratio of 8.3 dB at an modulation voltage of 552 mVtop-top.

2.5. The DWDM demultiplexer

One of the most important devices within a DWDM optical communication system is the
optical demultiplexer. Its specifications have great impact on the DWDM system
perfonnance, as will be shown in Chapters 3 and 5. The most important requirement of a
demultiplexer in DWDM systems, is that there should be no linear optical crosstalk between
the wanted channel and the other DWDM channels. This implies a filter characteristic that is
flat at the throughput wavelength and has very steep flanks for wavelengths not within the
throughput range. Other demultiplexer requirements include low insertion loss and a limited
temperature dependence.
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Nowadays, a number of different demultiplexer configurations is available. DWDM
demultiplexers can be based on the wavelength selective coupling between fibers or for
example, they can consist of cascaded optical filters or gratings. In the DWDM setup depicted
in Figure 2-2, the DWDM demultiplexers that were used consist of cascaded filters as can be
seen in the following picture:
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Figure 2-16. A schematic representation of the used DWDM demultiplexers.

At the demultiplexer input, light at different frequencies enter a cavity and are displayed at a
slight angle on an optical bandpass filter. The wavelengths that are at the bandpass middle of
the filter are transmitted through the filter and collected by a collimating lens. The other
wavelengths are reflected with minimal losses and focused on a second filter. In this fashion,
the light is transmitted down the cavity and at each reflection, a single wavelength is removed.
When used in the opposite direction, the device acts as a multiplexer.

The devices in the DWDM setup have eight optical channels at a distance of 1.6 nm with a
specified insertion loss smaller than 4.5 dB. The specified changes in the filter characteristics
due to temperature variations are smaller than 5.10-4 nm/DC whereas the attenuation of laser
sources that emit at wavelengths more than 1.6 nm from a given channel, is larger than 25 dB.

2.6. Conclusions

By applying DWDM components, two general optical networks can be built. Point-to-point
transport networks use DWDM demultiplexers to increase the capacity of the communication
system whereas all optical networks apply DWDM technology for routing of optical signals
by using Optical Add/Drop Multiplexers (OADM) and optical crossconnects. The latter
topology is the more sophisticated and it is not foreseen that these systems will be installed in
commercial and widespread configurations before the end of the decade.

In the point-to-point transport configuration, laser sources should emit light with a stable
output power at a stable wavelength with a small linewidth, be tunable and have a large
SMSR. The DFB and Fabry-Perot External Cavity lasers that were used during this research
study, meet these requirements. Especially the external cavity laser with a SMSR of 55.7 dB, a
linewidth less than 100 kHz and a tunability over 140 nanometer is ideal for use in DWDM
systems.

In DWDM systems, the modulators that provide 2.5 Gbit/s transmission of the data signal
should have a low drive voltage, a high extinction ratio and a small a factor. To meet these
objectives, EA and MZI modulators were used. Especially the MZI modulator had profound
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characteristics as it offers an extinction ratio of 8.3 dB at a drive voltage of 552 mVtop-top with
a specified a factor of zero (no additional chirp).

Where the DWDM filter demultiplexers are concerned, a low insertion loss, temperature
stability and a high attenuation between each channel and its neighbour channels is demanded.
The used DWDM demultiplexers consist of cascaded optical filters and have a channel
distance of 1.6 nm, a temperature stability of 5.10-4 nm/DC and a specified insertion loss
smaller than 4.5 dB. The attenuation between the wanted channel and the neighbour channels
is larger than 25 dB.

The EDFAs that are used in DWDM systems offer signal amplification of 30 dB over a
wavelength range of 30 nm. An EDFA should not have gain competition between the optical
channels, offer a flat gain curve and have limited ASE.

When EDFAs are used, the transmitted optical power can be high enough to provoke non
linearities in the optical fiber. Specific solutions to avoid these non-linearities are required to
retain a given system performance. Furthermore, attention should be paid to the performance
limiting effects of chromatic dispersion and polarization mode dispersion.

After having given a detailed description of DWDM systems and components, the next
chapter focuses on the measurement techniques to determine the performance 'Of DWDM
systems. Furthermore, the next chapter describes some performance limiting effects as chirp
and linear optical crosstalk.
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3. The Performance of DWDM Optical Communication Systems

One of the goals of this study on DWDM transmission systems was to build and characterize
several DWDM system configurations consisting of the components described in the previous
chapter. The main topic of this chapter is to show how the characterization of these setups was
carried out and how their quality and performance was determined.

Furthermore, several parameters that limit the performance of a DWDM network are
examined. In typical DWDM networks, long distances are covered and spectral broadening or
chirp can severely degrade the system performance. For this reason, this chapter also describes
the origins of chirp and discusses the influence of chirp on the performance of an optical
communication system.

Apart from chirp, the performance of DWDM systems is also limited by linear optical
crosstalk between the signals at different wavelengths. The DWDM demultiplexers that are
used in the setup that was shown in the previous chapter, have limited attenuation between the
optical channels. Consequently, at the receiving end of a communication channel, both the
wanted signal as well as the signals from other channels will be detected. Due to this crosstalk
effect between optical channels, the quality of the wanted signal will degrade. Therefore, this
chapter also pays attention to the issue of crosstalk. A definition of the crosstalk levels in the
demultiplexers is given and the influence of linear optical crosstalk on the quality of the
communication system is examined.

3.1. Determining the performance of optical communication systems

First of all, this chapter describes two procedures with which the performance of an optical
communication system can be determined. The two options that are available to measure the
quality of an optical communication system is either by examining the eye diagram or by
measuring the Bit Error Ratio (BER) of the transmitted data. In this paragraph, the benefits
and drawbacks of both methods are discussed.

3.1.1. Measuring HER curves

The most straightforward method that can be applied to determine the quality of a digital
communication link, is to transmit a number of bits and, at the receiving end, compare the
received bits with those that were transmitted. In this way the amount of bits that were
transferred incorrectly can be determined. The ratio between the number of transmitted bits
and the number of detected errors is denoted as the Bit Error Ratio.

With these so called BER measurements it can be shown which type of system setup produces
the least number of errors for a certain input power level. This enables an easy and accurate
comparison of the performances of different communication systems. In this sub-paragraph,
more details about measuring BER curves are given and a method to measure an almost ideal
BER curve is presented.
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!lleasuring the reference BER curve

The measured BER curves have to be compared to a reference curve so that the absolute
performance of the various setups is known. In this report, the reference curve is measured
with the setup that has the smallest amount of components but still functions. With such a
setup, the number of additional noise sources is limited and the acquired BER curve will be
the best one that can be obtained with the particular transmitter/receiver setup that was
available. The setup with which this reference BER curve can be measured will be discussed
below.

Measurement setup

The reference BER curve is obtained in a system in which the transmitter and receiver are
directly connected to each other. The measurement setup for this back-to-back BER
measurement is found in the following picture:

SDH Signal Generator

Tx Opt. out 1-----------------,

Rx Opt. in

Figure 3-1. The back-to-back setup used to measure the ideal BER curve.
The optical signal was transmitted at 1300 nm at a bitrate of 2.5 GHz.

To measure the BER curve, the optical signal that was transmitted at a wavelength of 1300 nm
was attenuated by the variable HP optical attenuator. By measuring the number of detected
errors for each input power level, the reference BER curve was obtained. For each
measurement, at least one hundred errors were detected before the measurement was stopped.
This procedure ensured that even in the worst case, the measurement mistake caused by a bad
timing of the stop moment, remains limited to one percent.

The number of detected errors was counted by the computer program that controlled the SDH
generator. At low input powers, the BER was measured by counting the number of detected
errors within a STM-l frame, as was described in paragraph 2.2 At high input powers, the
BER was measured by taking the value of the B2 bytes within the STM-16 signal.
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Measurement results

The setup described above gives the following measurement results:

II: .. Measured data
W 0.01 --Calculated BER curveCO

lE-3

lE-4

lE-5 ..
lE-6 .. ..
lE-7 ..
lE-8

1E-9

lE-l0

1E-ll ..
1E-12

1E-13

·39 -38 -37 ·36 -35 -34 -33 -32 -31 -30 -29

Pin (in dBm)

Figure 3-2. The measured BER curve together with a theoretical curve based on received Gaussian noise.

In order to be able to tell whether the measured BER values correspond to those one would
theoretically expect, a theoretical model for the BER was examined. An appropriate model
which is given in [AGR92], is described in Appendix B and takes into account the detection
errors that are caused by Gaussian noise in the receiver. As can be seen in Figure 3-2, the
measurement data are in very good agreement with the BER curve calculated with this model.
The numerical results of this back-to-back measurement are summarized in Appendix D.

In Figure 3-2 it can be concluded that the measured BER curve lies very close to the
theoretical curve based on the Gaussian receiver noise. With this setup, the receiver
sensitivity, defined as the input power at a BER of 10-9

, equals -30.5 dBm at 1300 nm.

The BER curve of Figure 3-2 is drawn on a logarithmical scale. However, in some papers
these curves are shown with a scale that is double logarithmic. Although both ways of
representing BER curves are used in literature, a single logarithmic scale is used throughout
this report mainly because of the author's old habits.

Correction of the measured data

As described in Appendix B, the BER is a function of the eye opening but can also be written
as a function of both the optical input power and the modulation index. Therefore, using
setups with different modulators having different modulation indexes, results in different BER
curves. However, these BER curves are only shifted with respect to each other. More
interesting differences between these BER curves are caused by additional noise that results
from the modulators or from the different setups. To examine the effects of these noise
sources on the BER, it is convenient to eliminate the shift due to the modulation indexes.
Details about this correction procedure are found in Appendix B.
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The corrected BER curves are found by measuring the transmitted data pattern, determining
the logical signal levels 10 and 1] and, finally, applying (Eq. B-16):

(Eq. B-16)

in which P*jn denotes the corrected values of the input power.

To calculate this correction factor, the data pattern was measured with an oscilloscope so that
the logical signal levels 10 and 1] could be determined. To measure these logical signal levels,
the following setup was used:

Tx

SDH Signal Generator

HPE1675A

Opt. out Tektronix ORS 2488

OpticaIlElectrical Convener

Tektronix CSA 803A
Communications Signa) Analyzer

Rx Opt in

Figure 3·3. Measurement setup used to determine the logical signal levels 10 and 1/.

The optical output of the SDH transmitter was connected to the Tektronix converter so that
the resulting electrical signal could be shown on the sampling oscilloscope.

The resulting data pattern is depicted in Figure 3-4:
988mV·········: · .. ··, .. · , : ,

8mV .---'---'---'----'------'----=---'---'---'---

Figure 3-4. The data pattern of the SDH transmitter.

Using the statistical functions of the Tektronix oscilloscope, this pattern can be used to obtain the
values for the logical signal levels. This measurement, which is based on histogram calculations,
gave a value of 96 mV for 10 and 648 mV for 1] which resulted in a modulation index of 0.742.
To correct the measured curve depicted in Figure 3-2, this value is inserted in (Eq. B-16) which

(
648-96)

leads to a left shift of the measured BER curve of 10.10 log 648 + 96 =1.3 dBm.
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Measurement conclusions

t(8

From the measurements that are described above, a number of conclusions can be drawn:

First of all, the presented method that is used to measure BER curves is reproducible and
accurate. The measured curve lies very close to the theoretical curve that is based on Gaussian
noise in the receiver.

The theory presented in Appendix B only describes errors due to Gaussian noise in the
receiver and does not apply to other non-Gaussian error sources as, for example, equipment
sensitivity to temperature variations, optical reflections or small instabilities in the generated
SDH signal. Therefore, it is not very surprising that a slight deviation between the fit and the
measured curve can be seen in Figure 3-2.

Furthermore, the receiver sensitivity in the used back-to-back setup is equal to -30.5 dBm at
1300 nm. Comparing the receiver sensitivity in other setups with this reference value provides
a power penalty and in this way, a quality value for each specific system setup is found.

Finally, the back-to-back setup that was shown uses a minimum of components and in other
more equipped setups, the system performance will be degraded by additional signal distortion
introduced by the extra equipment. Therefore, it can be concluded that the results that are
achieved with this back-to-back setup are the best obtainable with the equipment at hand, and
for this reason, the results of this BER measurement will be used as a reference with which the
performance of other systems can be compared.

3.1.2. Measuring eye diagrams

The BER measurements that were described in the previous sub-paragraph provide very
accurate information on the performance of a communication system. The BER curve gives an
exact picture of the quality of a communication system but the measurement procedure takes a
lot of time, especially when low BER values are to be measured. Another drawback of this
method is that it does not provide time information of the data signals that are transmitted.
Therefore, BER curves cannot be used to show the origins of erroneous transmission or give
clues of how to improve the quality of the system.

A way to obtain information about the system performance that also provides timing
information of the data signal, is to measure the signal at the receiver with an oscilloscope and
observe its data pattern.

The measurement setup that was used to obtain this data pattern is shown below:

SOH Signal Generator

HPE1675A Teklrooix CSA 803A

L£-
Communications Signal Analyzer

Tx Opt out Tektronix ORS 2488

~OpticalJEleclrical Convener
" ... ,.

".M~--=---=

Rx Opl.in

Figure 3-5. Measurement setup used to obtain an eye diagram.
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After passing the Tektronix OlE converter, the data signal is displayed on the digital sampling
oscilloscope. The data signal is also used to trigger the oscilloscope so that the sampled values
are displayed with the right timing. The acquired waveforms from a large number of random
pulse sequences are superposed in the displayed bit periods. Because the binary data that is
transmitted varies at random between low and high values, the resulting picture will show
overlying data patterns which, in the ideal case, will look like a series of rectangles as long as
enough samples have been taken.

Of course, the rise and fall times of the data signal are not infinitely small and effects like
over- and undershoot will degrade the transmitted data signal and the received data pattern
\:'Iill resemble a human eye as can be seen in the following example:

9BBmV·········:·········:·········:·········:·········: : : ; ; :

: : ; i : ~ : \ j :
...................: : ; : ·····:·········i·········:·········:·········;. .

Amplitude
Distortion

200 psldiv

Figure 3-6. An example of an eye diagram together with some of its characteristic parameters.

From an eye diagram, several parameters can be retrieved that give information about the
performance of a communication system.

In Appendix B, it is explained that the BER depends on the difference between the two
averaged logical signal levels, /0 and h

1 (1 /1 - /0 )BER =-eifc r;::; •
2 "1/2 0'\+0'0

(Eq. B-IO)

The difference between these two levels is called the eye opening and can be retrieved directly
with an eye diagram, as can be seen in Figure 3-6. These average signal levels can be
measured by using histograms, a feature which is available on the oscilloscope mentioned
previously. The ratio between these average signal levels is called the extinction ratio which is
one of the parameters that can be used to quantify the system performance.

With an eye diagram, it is also possible to retrieve information about the signal frequencies.
As can be seen in the figure above, the bit period equals approximately 400 picoseconds
resulting in a data rate of2.5 Obit/s, as is expected from a STM-16 signal.
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Apart from that, vanatlons in timing can be observed in an eye diagram. These timing
variations express themselves as jitter in the received pattern. Furthermore, distortions of the
amplitude of the signal, which are for example, caused by Inter Symbol Interference or by
receiver noise, can be made visible as well. Finally, as shown in Figure 3-6, over- and
undershoot is made visible with an eye diagram.

All the parameters mentioned above have influence on the performance of the system and
hence, on the BER. As a data signal that has a lot of amplitude distortion, jitter and under- and
overshoot will have a small opening of the eye, optimizing the performance of a
communication system is aimed at maximizing the area within the eye. By overlaying a
standard mask over a measured eye diagram, it is very easy to observe if a signal is received
according to a certain standard. With such a standard mask, the question whether a
communication system functions properly or not, can easily be answered: If the eye diagram
enters the "forbidden" mask area, the system is not good enough. Else, it passes the test.

An example of such a mask for STM-16 optical transmission is shown in the following
picture:

Mean level of
logical "0"

o

Yt

.g 1+Yl
B

~ Mean level of

< logical "1"

Ya

0.5

Figure 3-7. An eye mask for 2.488 Gbitls optical communication.

This eye mask is standardized by the ITU-T in Recommendation G.957 [ITU93] and enables
quick and easy testing if the received data signal complies with the STM-16 standards. For the
2.5 Gbit/s bitrates that are defined by the STM-16 standard, X3-X2 should be 0.2 whereas Yl/Y2

should be equal to 0.25/0.75.

Apart from easy and fast testing of communication equipment, another practical application of
these eye diagrams is their use in rough optimization of system performance. For example, by
adjusting the parameters of the external modulators that were shown in paragraph 2.2, the eye
opening changes and a maximum eye opening can be observed. For this maximum eye
opening, an optimum in system performance is found and therefore, eye diagrams enable a
quick but rough setting of the optimum system parameters. However, further fine adjustments
of the system parameters are needed and for this purpose, it is better to use direct BER
measurements.
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A big disadvantage of these eye diagrams is that it is very cumbersome to extract all the
information they contain. Measuring parameters as jitter, under- and overshoot, eye opening
and amplitude distortions accurately is time consuming and demands sophisticated eye testing
hard- and software.

Furthermore, there are too many parameters that influence the system performance and not all
of them can be retrieved by using eye diagrams. As all these parameters directly influence the
BER, comparing the performances of different systems is much easier by measuring the BER
of a communication system directly.

In summary, it can be said that eye diagrams offer a fast alternative to BER measurements and
even show timing information. On the other hand, BER measurements give more precise
information on the system performance. For this reason, within the scope of this research
project, eye diagrams were only used to determine the amplitude of the logical signal levels in
order to correct the measured BER curves, according to the procedure described in Appendix
B.

3.2. Spectral broadening

Having presented the methods with which the system performance can be determined, two
performance limiting effects will be discussed in the rest of this chapter. This sub-paragraph
focuses on the influence of spectral broadening on the system performance, whereas the next
chapter deals with the degradation of the system quality due to linear optical crosstalk.

Performance degradation due to fiber dispersion

In typical optical communication systems, long distances are covered and due to the fiber
characteristics, the transmitted optical pulses become broader in time as they propagate
through the fiber. This pulse broadening is caused by an effect known as fiber dispersion or
chromatic dispersion. In general, chromatic dispersion denotes the fact that the different
spectral components in an optical pulse travel at different speeds through the fiber. This effect
can be described with the following formula:

dco c 1 c n
vg = dfJ = dn =- with CO =2;r- and fJ =2;r-

n-A- 'rg A A
dA

CEq. 3-1)

As can be seen in this formula, the group velocity vg and therefore, the group delay 1/'rg,

would be independent of the wavelength when the refractive index would be independent of
the wavelength. Therefore, it is said that fiber dispersion results in a group velocity that is
depending on the wavelength and is a result of the wavelength dependence of the refractive
index. Fiber dispersion is characterized by a single dispersion parameter which can be written
as follows:

CEq. 3-2)
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This parameter is expressed in ps·nm-1·krn-1 and is a measure for the time delay between the
faster and the slower wavelength components of an optical pulse.

The dependence of the refractive index on the wavelength is a result of two effects: material
dispersion and waveguide dispersion. Material dispersion describes the effect that the fiber
refractive index is a direct physical function of the wavelength whereas waveguide dispersion
denotes the fact that the refractive index depends on the wavelength because of the waveguide
structure itself.

This latter effect can be described with the following formula for the normalized frequency v
[ETT91]:

(Eq. 3-3)

In this formula, a equals the fiber core, A. denotes the wavelength in vacuum, nco is the
refractive index of the fiber core and nc/ that of the fiber cladding.

As is described in [GOW93], the power propagating through the fiber core is a function of the
normalized frequency v. When v is increased, more power propagates through the core
whereas a decrease in v increases the power that propagates through the fiber cladding.
Therefore, the effective refractive index that is "seen" by a propagating optical pulse, depends
on the power distribution between core and cladding. As the refractive index of the core is
larger than that of the cladding, a decreasing wavelength causes an increase in v, which results
in an increase of the power propagating through the core and consequently, the effective
refractive index increases. In other words, through the structure of the waveguide, a
relationship between refractive index and wavelength exists and this so called waveguide
dispersion results in a negative value for the factor dnldA-.

Waveguide and material dispersion are closely interweaved and together, they are denoted as
chromatic dispersion. A plot of these two dispersion components as a function of wavelength
is shown in the following picture [SPI95]:

waveguide
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Figure 3-8. The wavelength dependence of waveguide and material dispersion for single mode fibers.
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Now that is explained where dispersion stems from, the effects of chromatic dispersion on the
system performance can be clarified with the help of the following picture:

~.m~ ¥~
L,D

~* @r-~o.0
fiber

laser source phOlodelector

Figure 3-9. Block diagram of an optical fiber communication system.

After modulation, an optical signal with a spectral width w (FWHM, in nm) is coupled into a
fiber with length L (in km) and a dispersion parameter D (in ps·nm-1.km-1). Because of
dispersion, the pulse broadens and at the end of the fiber, the time delay between the faster
and the slower wavelength components in the signal, equals D·w·L picoseconds. This time
delay causes signal power to be coupled into adjacent time slots, resulting in interference and
thus increasing the probability of a bit error. This kind of performance degradation is visible
through amplitude distortion in an eye diagram.

A commonly used upper limit of acceptable dispersion can be found in [GOW93] and states
that the broadening should remain smaller than a fourth of the bit period T:

T 1
DwL ~ - and with B = liT, it follows that: BL~--

4 4Dw
(Eq.3-4)

In this formula, B denotes the bitrate of the transmitted signal. From this formula, it is clear
that fiber dispersion limits the product of bitrate and fiber length. This factor is denoted as the
bitrate-distance product and a communication system can be optimized by maximizing this
quality factor. From (Eq. 3-4) it is evident that optimization can be achieved by minimizing
both the fiber dispersion D and the spectral width w.

Solutions to limit the fiber dispersion are offered by dispersion shifted or dispersion flattened
fibers. In dispersion shifted fibers, the radius of the fiber core and the index profile of core and
cladding are chosen in such a way that the zero dispersion wavelength is shifted from the 1300
nm to the 1550 nm region. Dispersion flattening is achieved by adding a dopant like GeOz to
the fiber core and also by designing an appropriate refractive index profile. These measures
cause an increase of the difference between the refractive indices of core and cladding which
results in a minimum of dispersion in both the 1300 nm as well as the 1550 nm region.

A typical value for the dispersion coefficient in standard single mode fiber in use by
Swisscom is 17 ps·nm-I·km-I [SWI93]. When an optical signal is amplitude modulated at 2.5
GHz by a modulator that does not cause additional spectral broadening (a =0), the spectral
width will typically be 5 GHz or 40 pm. Applying (Eq. 3-4), it is found that in that case the
bitrate-distance product should remain below 0.37 THz·km. In a SDH system that operates at
2.5 Gbit/s, this requirement implies that due to fiber dispersion, the optical pulses should be
reshaped after 147 kilometers of fiber. This latter distance is also denoted as the repeater
spacing.
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Performance degradation due to modulator chirp

As was stated before, the product Dow-L should be kept at a minimum which, for a given type
of optical fiber, implies that the spectral width w of the modulated optical signal should be
small. As was shown in paragraph 2.4, modulator chirp causes additional broadening of the
spectral width of a modulated optical signal. This spectral broadening of an optical pulse due
to modulation increases wand according to CEq. 3-4), after transmission through a dispersive
fiber, the system performance will be degraded. Chirp caused by the modulators is
characterized by the linewidth enhancement factor, a.

The influence of the a factor on the bitrate is described in [KOY85] and results in the
following expression for the bitrate-distance product:

CEq. 3-5)

In this formula, {3" denotes the second derivative of the propagation constant with respect to
the angular frequency ro. The relationship between the dispersion parameter D and {3" is
derived as follows:

At a free-space wavelength of 1550 nm and D expressed in psonm-l'km-l, this implies the
following relationship: {3"=1.27·1O-6.D ns2·km-1

.

When direct laser modulation is used, the a parameter for a DFB laser can typically be as
large as 4 [KOY85], which limits the repeater spacing in a system operating at a bitrate of 2.5
Gbit/s, to approximately 115 km when the applied standard fiber has a dispersion coefficient
of 17 ps·nm-l·km-l.

From this numerical example, it can be concluded that direct modulation causes a
considerable increase in spectral width and therefore, this modulation scheme cannot be used
to modulate the optical carrier in long haul DWDM systems that use standard optical fiber. As
external modulators, like for example the MZI modulator, can have an a parameter as small as
zero, these devices are very well suited for long haul DWDM communication systems.

Later on in this report, measurement setups to determine the linewidth of a DFB laser are
described and the linewidth broadening due to direct modulation is examined.

3.3. Linear optical crosstalk in DWDM demultiplexers

Another important phenomenon that causes severe degradation of the performance of a
DWDM optical communication system, is the crosstalk between optical channels at the
receiver. This linear optical crosstalk is caused by a non-ideal demultiplexer that lets signals in
adjacent channels interfere with the wanted signal.
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A good demultiplexer filters the incoming multiplexed optical signal, passing the wanted
signal and suppressing the unwanted signals of the other DWDM channels. All the optical
power from the unwanted channels that passes through the demultiplexer on a photodetector,
decreases the signal to noise ratio and causes a drop in system performance. This limited
attenuation of optical power between wanted and unwanted signals in a demultiplexer is
referred to as interband crosstalk.

First of all, in this paragraph, the crosstalk levels of a DWDM demultiplexer are defined. This
definition does not follow the ITU standard G.671 [ITU96] that also describes these crosstalk
levels and therefore, the reasoning behind this alternative definition will be explained.

Furthermore, the influence of crosstalk on the BER is examined. A model that describes the
influence of crosstalk on the system performance and is based on [TAK95], is explained. With
this model, the relationship between the BER and the crosstalk levels is examined. Apart from
that, the influence of crosstalk on the shape of the BER curve is shown and the power
penalties caused by crosstalk are calculated.

3.3.1. Definition of crosstalk in DWDM demultiplexers

This sub-paragraph focuses on the definition of the crosstalk levels of DWDM demultiplexers.
Crosstalk is caused by the fact that the demultiplexer at the receiver does not adequately
suppress signals from other channels. Apart from the wanted signal, these other optical signals
are also detected and can be regarded as noise that deteriorates the wanted signal.

In general, the crosstalk levels are defined as the attenuation between the received signal
power of the wanted channel and the received power generated by other channels. The
definition of optical crosstalk that is used in this report, is visualized in the following figure:
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Figure 3-10. The definition of crosstalk as used in this report.

Figure 3-10 shows part of the frequency response of a DWDM demultiplexer. The vertical
dotted lines denote the channel edges, which are the wavelengths with 3 dB of attenuation
compared to the maximum throughput near the specified central wavelength of a channel. In
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this report, the worst case of crosstalk (XT) from channel B to channel A is defined as the
difference in optical power measured in channel A coming from a light source emitting at the
edge of channel B, nearest to channel A and a light source emitting at the edge of channel A,
nearest to channel B.

The idea behind this definition is that the wavelength of a laser dedicated to one channel
should be allowed to fluctuate between the channel edges. In other words, this definition puts
less stringent demands on wavelength management but in order to keep the crosstalk levels
limited, the DWDM filter design becomes more crucial. As a result, the worst case of
crosstalk is obtained for laser signals that lie close together but are still within their respective
channels. A similar definition can be found in the DWDM Components Test Guide by
Hewlett Packard.

lTV Recommendation G.671 [ITU96] which deals with the subject of optical crosstalk in
multiport fiber optic passive components, defines the laser sources exactly in the middle of
their respective channels which automatically implies a higher attenuation between wanted
and unwanted signals and consequently, results in significantly smaller crosstalk levels for a
given demultiplexer. By defining the light sources exactly in the middle of the respective
DWDM channels, this definition puts more emphasis on wavelength management and less on
DWDM filter design.

Of course, the performance of a system applying certain DWDM demultiplexers will remain
the same regardless of the crosstalk definition. However, it makes sense to assume that when
installed in the field, the laser wavelengths can drift in time causing the crosstalk levels to
increase beyond these defined values. Realizing this beforehand and designing a system with
drift margins might help to avoid quality degradation.

3.3.2. The influence of crosstalk on the system performance

In this sub-paragraph, the degradation of the system performance due to linear optical
crosstalk is examined. Due to the limited suppression of adjacent channels, a photodetector at
the receiving end of a communication channel detects both the wanted signal as well as the
optical power from these adjacent channels. These latter signals deteriorate the wanted signal
and cause an increase in the BER.

To examine the performance limiting effects of crosstalk, a model given in [TAK95] is
evaluated. This model can be used to examine the influence of the crosstalk levels on the
BER, show the changes in the BER curve due to crosstalk and calculate the power penalty
caused by crosstalk.

The limited suppression of the optical power in the adjacent channels causes a random
variation in the received data pattern. Onto the wanted ones and zeroes, the signals from the
other channels are imposed which results in an increased variation of the received data pattern.

In Appendix B it was shown that the BER depends on a factor Q which is defined as:
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In this formula, the standard deviations of the received ones and zeroes is denoted by the
factor a. This factor depends on both the received shot noise as well as the thermal noise. Due
to crosstalk, this standard deviation increases with the standard deviations of the unwanted
signals. Assuming that these unwanted signals are binary with an equal probability for the two
logical levels It and la, the variance of an unwanted signal is given by (It-Ia)214. When the
number of optical DWDM channels equals N, the total variance of all the unwanted signals
equals (N-l)·(It-Ia)2/4 . The uncorrelated signals in the other DWDM channels are regarded as
noise and from here on, their variances are indexed accordingly.

The total variance of the received data pattern can then be written as:

After substituting this expression in the formula for Q, the Q factor degraded by crosstalk is
given by:

(I - I )
I 0 signal

Q=----;=============
2 N-l ( ) 0a +--. I -I -4 I 0 noise

(Eq.3-6)

As was explained in Appendix B, this equation can be rewritten to include the optical input
power. Rewriting is done by applying the following formula:

2 II +10 II -10II - 10 = --- --=---------"-. I - I = 2· . P
I I 2 I 0 I +1 In

I + 0 I 0

Rewriting (Eq. 3-6) accordingly gives:

(Eq.3-7)

(Eq.3-8)

in which Ps and Pn denote the signal power and the total power from all adjacent channels,
respectively. Furthermore, ms and mn equal the wanted signal and noise signal modulation
indexes:

(
II-IOJ (II -IoJm = nz =

s I +1 'n I +1
I 0 signal I 0 noise

With one channel, the unwanted signal power is removed from (Eq. 3-8) and Q is given by
2Pm . .

Qini = s s. Furthermore, the crosstalk level R at wavelength Acan be defmed as the ratio
a

between unwanted and wanted signal powers at this wavelength: R = PnlPs.
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Substitution of these two relationships in (Eq. 3-8) gives the Q factor, degraded by a crosstalk
level R in a DWDM system with N channels, as a function of the initial Q factor that is found
in a system without crosstalk:

Q Qini
= ---.====:::::::::::===

N -1( P)21+-- 2m R_s

4 n (j

(Eq.3-9)

Finally, after substituting Ps = Qini and doing some rewriting, the Q factor is given by:
(j 2ms

Q Qini
= ---.====:::::::::::===

N -1( m J21+- RQ.. _n
4 In' ms

(Eq.3-1O)

With this equation, the influence of the crosstalk level on the Q factor and thus on the BER
can be examined. Apart from that, through appropriate values of Qini, the degradation of a
BER curve due to crosstalk, can be calculated. Furthermore, the additional input power that is
needed to compensate for the increase in BER or, in other words, the power penalty caused by
crosstalk, can be determined with this model.

The influence ofcrosstalk on the BER

For given values of the number of channels and the unwanted and wanted signal modulation
indexes, the BER can be examined as a function of the crosstalk parameter R for different
values of the Qini factor. For each initial value of Qini, this results in a curve that describes the
BER degradation as the amount of crosstalk is increased. This increase in BER was calculated
and resulted in the following curves:
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Figure 3-11. The calculated BER as a function of the crosstalk level.
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These curves are drawn with N equal to two and mnlms equal to one. From this picture, it can
be concluded that when the optical power from the other DWDM channels is attenuated less
than 14 dB compared to the optical power of the wanted signal, the BER increases rapidly.

The worst case crosstalk value that is present in the demultiplexers that were used during this
research project, equals 9.2 dB as will be shown in Chapter 5. At this crosstalk level, for an
initial BER value of 10-13

, the BER increases with a factor 90 to a value of 9.10-12
•

The influence ofcrosstalk on the BER curve

For given values of the number of channels, the crosstalk level and the unwanted and wanted
signal modulation indexes, the BER can be examined as a function of the Qini factor. This factor
denotes the BER when crosstalk is absent and by substituting values for this factor in (Eq. 3
10), the influence of crosstalk is added and new Q values are generated resulting in a new BER
curve in the presence of crosstalk. In this fashion, the crosstalk induced change in Qini and
consequently in the BER curve, can be calculated.

The degradation of the BER curve is found from the Qini values that are obtained from a
"crosstalk-free" curve, measured with the back-to-back setup as described in sub-paragraph
3.1.1. Simulating crosstalk by substitution of these Qini values in (Eq. 3-10) and calculating the
degraded Q values and the corresponding BER curves, resulted in the following picture:
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Figure 3-12. The shift of the BER curve caused by crosstalk.

From the measured BER curve BERt,meas., the degraded BER curve BER2.theory was calculated
with N equal to two, mn/ms equal to one and R equal to 9.2 dB. As mentioned before, this
latter value denotes the worst case crosstalk level of the available demultiplexers.

From Figure 3-12, it is concluded that within the described model, crosstalk results in a
change of the BER curve. With the parameters shown above, crosstalk causes a power penalty
of 0.8 dBm at a BER level of 10-9

.
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The power penalty caused by crosstalk

t£8

On closer inspection of (Eq. 3-8), it is seen that the increase in the denominator caused by the
received unwanted power, can be compensated by an increase in signal power so that the Q
factor increases to its initial value. In other words, in the presented model, crosstalk causes a
power penalty, for which a formula can be derived.

Without crosstalk, Q is given by: Qini = (lr1o)signal1a. By adding crosstalk, the variance of the
received signal increases and Q is given by (Eq. 3-9). To compensate for the decrease in Q and
the increase in BER, the received signal power can be increased until Q again equals Qini.
Increasing the signal power from Ps to p/ and solving for Qini, results in the following
relationship:
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Expressed on a logarithmical scale, the power penalty is given by:
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4

- m
s

RQini (Eq.3-11)

For given values of the number of channels and the unwanted and wanted signal modulation
indexes, the power penalty can be examined as a function of the crosstalk parameter R for
different values of the Qini factor. For each value of Qini, this results in a curve that describes
the power penalty as a function of crosstalk: This power penalty was calculated which resulted
in the following curves:
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Figure 3-13. The calculated power penalty as a function of the crosstalk level.
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Again, N equals two and mn/ms equals one. From this picture, it can be concluded that the
signal should be increased with almost 10 dB if the BER should be kept at a value of 10-13

when the unwanted signals are attenuated less than 6 dB.

As mentioned before, the worst case crosstalk that is present in the demultiplexers that were
used during this research project, equals 9.2 dB. At this crosstalk level, for an initial BER
value of 10-13

, the power penalty equals 1.1 dB.

3.4. Conclusions

In this chapter, two methods used to determine the performance of optical systems were
presented. First of all, the use of eye diagrams was discussed. These diagrams provide a quick
but rough view of the system performance. A lot of parameters that influence system
performance can be retrieved from an eye diagram but accurate measurement of these
parameters is time consuming. In practice, using eye diagrams to obtain accurate information
about the system performance, is extremely difficult.

A more accurate way of examining the system performance, is by measuring a BER curve
which can be used to compare the performance of different system setups.

In this chapter, a model describing BER curves was derived and used for comparison with a
BER curve that was measured with a back-to-back setup. This chapter described the setup for
this back-to-back measurement with which a value of -30.5 dBm was found for the receiver
sensitivity at a BER of 10'9.

Deviations from the ideal BER curve could be the result of non-Gaussian noise sources
present in a particular setup. In order to compare the differences in the BER curves caused by
this non-Gaussian noise, the changes of these curves due to the different modulation indexes
should be corrected. In this chapter, it is shown that correction of the BER curves with respect
to the different modulation indexes is done by measuring the logical signal levels from an eye
diagram and substituting these values in (Eq. B-16).

Furthermore, this chapter describes the influence of chirp and linear crosstalk on the
performance of an optical communication system.

It is shown that fiber dispersion causes a spreading in the time domain of the transmitted
optical pulses, which results in a limitation of the bitrate-distance product, as was shown in
(Eq. 3-4). The effects of fiber dispersion remain limited as long as the spectral width w of the
modulated optical signal remains small. This can be achieved by using DFB lasers with a
small linewidth and by applying a modulation scheme that does not cause an additional
increase of the spectral width.

In general, modulation of an optical signal can cause additional spectral broadening which is
described by the linewidth enhancement factor a, given by (Eq. 2-5). Direct or intensity
modulation has the largest a factor and through (Eq. 3-5), it is shown that this modulation
scheme severely limits the repeater spacing when standard dispersive optical fibers are used.
External modulators, like the MZI modulator, can have an a factor of zero and are therefore
preferred in optical communication systems.
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This chapter also described a model with which the effects of linear optical crosstalk in a
DWDM demultiplexer can be calculated. A relationship between the BER, described by the Q
factor, and the crosstalk level R, is given by CEq. 3-10). With this equation, the increase in
BER as a function of the crosstalk level can be calculated, the degradation of a BER curve due
to crosstalk can be examined and the power penalty caused by crosstalk can be determined.

Applying the previously mentioned model to a DWDM system with two channels, a crosstalk
level of 9.2 dB and modulation indexes equal to one, shows an increase in BER with a factor
90 from an initial BER value of 10-13 to a value of 9.10-12

• Furthermore, it is shown that in a
system with system parameters as mentioned above, the worst case crosstalk level of 9.2 dB
causes a power penalty of 1.1 dB.

Finally, it can be stated that linear optical crosstalk can be limited by using DWDM
demultiplexers with narrow bandpass filters and by applying a wavelength management
system that keeps the wavelength of the transmitted light at the specified channel middle.
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4. Characterizing the DWDM System Components
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Before an entire DWDM transmission system is examined in the next chapter, the
performance of the several components inside such a system is characterized first. This
chapter focuses on the measurements made with the DWDM network components previously
described in Chapter 2 and gives conclusions on their use in a DWDM system.

As mentioned in Chapter 3, one of the requirements in long haul DWDM systems is that the
width of the emitted laser spectrum should be very small in order to limit spectral broadening
of the optical signal due to the dispersion of the fiber. Small width of the signal spectrum
implies, among others, that the laser linewidth, defined as the Full Width of the laser spectrum
at Half Maximum (or FWHM), should be small. To be certain that this condition is fulfilled,
accurate methods are needed to measure the linewidth of the available laser sources. In this
chapter, these methods are described and the linewidth of an unmodulated DFB laser is
determined.

The quality of DWDM communication systems also depends on the modulation technique that
is applied. Apart from the chirp caused by these modulators, the quality of the transmitted
signal also depends on the modulation index of the modulators. Furthermore, modulators that
introduce signal distortion, for example caused by internal reflections, by current variations in
the power supply or by sensitivity to temperature variations, cause additional errors and
subsequently, degrade the performance of the communication system. For all these reasons,
this chapter also examines the quality of the modulators by measuring the corresponding BER
curves.

An important source of errors in a DWDM system is formed by the linear optical crosstalk
between adjacent DWDM demultiplexer channels. For this reason, the final part of this
chapter describes the measurements that were made to characterize the demultiplexer filters
and determine these crosstalk parameters.

4.1. Measuring the laser linewidth

Different setups were built to measure the linewidth of a Distributed Feedback (DFB) laser.
One method used a Fabry-Perot Interferometer while other setups included a HP 71400C
Lightwave Signal Analyzer or this particular Lightwave Signal Analyzer together with a
frequency modulator in a homodyning setup. This paragraph describes the results that were
obtained using these setups.

4.1.1. Linewidth measurements using a Fabry-Perot Interferometer

As stated before, the linewidth of a DFB laser source had to be measured. As the resolution of
an optical spectrum analyzer (typically 0.1 nm) is not sufficient to determine the linewidth of
such a laser (typically 0.1 pm, see [HEN89]), a Fabry-Perot Interferometer (FPn was used to
provide the resolution needed.

43



Characterizing the DWDM System Components t(8

The results of the measurements made with the Fabry-Perot Interferometer are discussed and a
conclusion concerning the suitability of this instrument to determine the linewidth of DFB
lasers, is given.

The Fabry-Perot Inteiferometer

In Appendix A, some important characteristics of the Fabry-Perot Interferometer are derived
and in this appendix, it is shown that the transfer function of the interferometer is given by:

(Eq. A-4)

In this function, R denotes the reflectivity of the interferometer mirrors and 8 equals the phase
difference of the light after one round trip between the two mirrors.

As is shown in Figure A-2 in Appendix A, the transfer function has resonance peaks for
certain values of the variable 8. This variable is given by (Eq. A-I) and depends on both the
wavelength A as well as the distance I between the two mirrors. In other words, for every
value of I, there is a value of Awhich causes a peak in the transfer function. Thus, by changing
the distance between the two mirrors, a certain wavelength within the spectrum of the light at
the interferometer input is transmitted to the interferometer output. At the output, a
photodetector converts the optical signal to an electrical signal. The necessary change in I is
achieved by moving one of the mirrors while the other stays in place. In this way, by changing
the mirror distance I, the spectrum of the incident light will be scanned.

The derivation of the transfer function as described in Appendix A, takes the longitudinal
modes inside the interferometer in consideration. However, transverse modes are also present
and lie between two longitudinal modes. The frequency difference between these transverse
modes is given by (Eq. A-7) and (Eq. A-8) and this frequency difference is used as a reference
with which the absolute width of the incident laser spectrum can be converted to Hertz.

As described above, the interferometer scans the input spectrum of the incident laser light by
changing the distance between the two reflecting mirrors. The output of the interferometer is
the product of the input spectrum and the transfer function. Therefore, to obtain a
representative output signal, the spectrum to be measured should not overlap two resonance
peaks. In other words, the interferometer can only be used for spectra with a width smaller
than the distance between two peaks in the transfer function. This latter distance is called the
Free Spectral Range (FSR) and is given by (Eq. A-6).

The resolution of the interferometer is limited by the width of the resonance peak in the
transfer function. The width of these peaks, also denoted as the bandwidth of the
interferometer, is shown in Figure A-2 and is given by (Eq. A-9).

The third parameter which characterizes an interferometer is the finesse. This parameter
denotes the quality of the interferometer and is defined as the ratio between the FSR and the
resolution. A high quality interferometer has got a large FSR and a small resolution, resulting
in a large value for the finesse. The finesse is described by (Eq. A-lO) and depends on the
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reflection coefficient of the mirrors only. Therefore, it can be concluded that an interferometer
with a large quality factor is obtained by using mirrors with a reflectivity near to one.

Measurement setup

To check whether the Fabry-Perot Interferometer is suitable to characterize an unmodulated
DFB laser, the linewidth of such a laser was measured and compared with its specifications.

The linewidth of the DFB laser (Philips, CQF711D, 1275) was measured with the following
setup:

HP54110D
Oscilloscope

FPI 0----
DFB Laser 1:=1~1

-
t I I I

I

Idc,T T V

Controller

HP-IB •
Figure 4-1. The setup used to measure the laser linewidth by using a Fabry-Perot Interferometer.

The laser output was connected to the non-confocal Fabry-Perot Interferometer (Newport SR
170). This particular interferometer has a Free Spectral Range of 6 GHz, a resolution of less
than 1.2 MHz and therefore a finesse which is larger than 5000. The controller of the
interferometer kept the temperature inside the cavity at 3rC and applied a 30 Hz triangular
voltage of 100 Volts top-top to the piezo element that moves one of the interferometer
mirrors. The distance between the mirrors is 25 mm and the movement of one of the mirrors
has a maximum amplitude of 1.55 !lm which equals two times the Free Spectral Range at the
1550 nm wavelength of interest. Finally, the radius of the mirrors is 300 mm. The DFB laser
was operated at 60 mA and at a temperature of 26°C.

As is indicated in Figure 4-1, the output of the germanium photodetector inside the Fabry
Perot Interferometer as well as the controller voltage were connected to a digital oscilloscope
(HP5411OD) so that the laser spectrum could be sampled as a function of the voltage applied
to the Fabry-Perot Interferometer mirror.

With these sampled values, a Lorentzian fit of the spectrum was made. According to the
measurement considerations in Appendix A, the width of the resonance peak of the
interferometer had to be subtracted from the width of the peaks in the Lorentz fit, in order to
obtain accurate measurement results.

Measurement results

Ten linewidth measurements were made with the setup shown above and each one was fitted
with a Lorentz fit. From this fit and from the distance between the resonance peak and the first
order transverse mode, the width of the laser spectrum was determined.
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The next picture shows a measured spectrum together with the corresponding Lorentz fit:

OJ
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Frequency

Figure 4-2. A DFB laser spectrum measured with the Fabry-Perot Interferometer, together with its Lorentz fit.

The results of the measurements made with the Fabry-Perot Interferometer are summarized in
the following table:

Table 4-1. The results of the linewidth measurements made with the Fabry-Perot Interferometer.

Measurement number Laser linewidth (in MHz)

1 13.5

2 10.5

3 10.0

4 12.4

5 11.6

6 11.0

7 11.7

8 9.32

9 10.3

10 8.74

average linewidth 10.9
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The average of the measured linewidths is 0.0863 pm (10.9 MHz) with a standard deviation of
0.0107 pm (1.35 MHz; 12.4%). The DFB laser linewidth can be calculated by subtracting the
Fabry-Perot Interferometer linewidth from this measured average value. According to the
Fabry-Perot Interferometer specifications, its Full Width Half Maximum (FWHM) linewidth
or resolution, is less than 1.2 MHz. Subtracting this value from our measurement result gives
a minimum value for the DFB laser linewidth of 9.7 MHz.

From the DFB laser specifications it follows that the DFB laser linewidth should be 18.1 MHz
at 43 rnA and 25°C. Using the Power Meter mode of the Optical Spectrum Analyzer, the
optical output power of the DFB laser at 60 rnA and 26°C was compared with the output
power at 43 mA and 25°C. This measurement showed that the higher current and temperature
caused the output power to be a factor 1.85 bigger. As the laser linewidth is inversely
proportional to the optical output power (see [YAR85]), according to the Fabry-Perot
Interferometer specifications we should measure a linewidth of 18.111.85 =9.78 MHz at 60
rnA and 26°C. This value lies very close to our measured value of 9.7 MHz.

Measurement errors are caused by the unknown exact value of the FWHM linewidth of the
Fabry-Perot Interferometer, quantization errors in the digital oscilloscope, errors introduced by
the fitting of the measured output spectrum, inaccuracies in the Fabry-Perot Interferometer
cavity due to thermal resonances and measurement errors introduced by the measurement of
the DFB optical output power.

Measurement conclusions

The Fabry-Perot Interferometer can be used as an optical spectrum analyzer to measure the
linewidth of an unmodulated DFB laser with sufficient accuracy. The standard deviation of
our measurement results is approximately 12% which is to be expected considering the list of
possible error sources that was listed above.

The spectral width of the optical signal should not be larger than the Free Spectral Range in
order to avoid ambiguous measurement results. With the used FPI, this implies that the
spectral width of an optical signal should not exceed 6 GHz. This requirement makes this
device less suitable for measuring broad spectra, as for example the ones that are emitted by
an intensity modulated DFB laser.

4.1.2. Linewidth measurements using the HP 71400C LSA

A device with which it should be possible to measure broad spectra, such as the spectrum of
an intensity modulated DFB laser, is the HP 71400C Lightwave Signal Analyzer. This device
is basically a spectrum analyzer equipped with a high speed photodetector.

It is expected that this device can be used to measure broad spectra without any trouble.
However, to obtain information about the absolute accuracy of the Lightwave Signal
Analyzer, this device will be used to measure the linewidth of an unmodulated DFB laser.
Results of these measurements are presented and discussed in this sub-paragraph.
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Measurement setup
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The wavelength of the DFB laser that was used, was 1550 nm which corresponds to a
frequency of 2.1014 Hz. Thus, the spectrum of the laser lies in a frequency region that cannot
be displayed directly with the LSA. Therefore, in order to measure the linewidth of a DFB
laser, the spectral information in this frequency region has to be transferred to a low frequency
region. One method to achieve this transformation is by homodyning, as is shown in the
following picture:

DFB Laser 1----1

~T

LWol

HP 11980A

LSA

HP 71400C

Figure 4-3. Measurement setup using the LSA to determine the laser linewidth.

The DFB laser is operated at a current of 60 rnA and a temperature of 26° C. The light corning
from the DFB laser passes an isolator and is fed into the HP 11980A. This device is basically
an interferometer with two splitters and two arms. One of the arms has a delay fiber resulting
in a time delay of 3.5 ~s. This delay is necessary to make sure that the optical signals in both
arms are decorrelated and that the recombined signal at the output of the instrument again has
a Lorentzian spectrum. According to the theory presented in Appendix C, this delay time
suffices to decorrelate the light coming from this particular DFB laser source. Turning a knob
on the front of the instrument, changes the State Of Polarization (SOP) of the light in one arm.
The SOP is adjusted until the intensity at the interferometer output has a maximum value.

Because the signal corning from the interferometer is the result of homodyning, the spectrum
of this signal has a laser peak at 0 Hz with a width twice the width of the signal at the
interferometer input. The photodiode at the input of the LSA converts the optical signal to the
electrical domain after which the signal is shown on the LSA display. The LSA was operated
in the frequency range from 2.4 to 50 MHz.

With this setup, several measurements were made and the resulting spectra were sampled
using a program written in HP-VEE. The sampled spectra were fitted with a Lorentz curve and
from this fit, the laser linewidth was calculated.

Measurement results

Using the procedure described previously, ten unmodulated laser spectra were measured and
the corresponding values for the laser linewidth were calculated.
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One of the measured spectra is depicted in the next figure, together with its Lorentzian fit:
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Figure 4-4. A laser spectrum and its Lorentz fit, obtained by homodyning and measured with the LSA.

From the fit shown in the figure above, the width of the laser spectrum was calculated by
dividing the width of the fit by two. The linewidths that were calculated from the measured
spectra in this fashion, are summarized in Table 4-2:

Table 4-2. The results of the linewidth measurements made with the Lightwave Signal Analyzer.

Measurement number Laser linewidth (in MHz)

1 23.7

2 16.9

3 17.3

4 23.8

5 24.9

6 22.3

7 16.8

8 18.1

9 22.4

10 22.9

average linewidth 20.9

As can be seen in this table, the average linewidth is 20.9 MHz with a standard deviation of
14.7 %. This value for the laser linewidth is both larger than the specified value and larger
than the value measured with the Fabry-Perot Interferometer.
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As was mentioned previously, the measurement range does not begin at zero Hertz. At this
frequency, the local oscillator of the spectrum analyzer is present and only the spectrum of this
local oscillator can be measured. At higher frequencies, the local oscillator signal is not
present and it is for this reason that the measurements start at 2.4 MHz. As the part of the
wanted spectrum from zero to 2.4 MHz is not available, the measurement results will be less
accurate and this could be an explanation for the larger linewidth.

Another effect causing measurement inaccuracies is lIf noise. The measured spectrum will be
broader due to the addition of the laser spectrum and the llf spectrum. The values for the
measured linewidths will therefore be too large. A solution to these two problems might be to
modulate the laser signal in one of the homodyning arms. Recombining the signals in the two
arms will result in a laser spectrum at the modulation frequency, far away from both the local
oscillator and lIf noise. The next sub-paragraph will describe the results of such
measurements.

Measurement conclusions

Due to the local oscillator and to IIf noise, the Lightwave Signal Analyzer cannot be used to
accurately measure spectra at low frequencies and consequently, it was not possible to obtain
information about the absolute accuracy of the LSA. However, according to its specifications,
the LSA can be used for broad spectral measurements. In DWDM systems, a possible
application for this device could therefore be the measurement of spectral broadening due to
the applied modulation technique.

4.1.3. Linewidth measurements using the LSA and a frequency modulator

As stated in the last paragraph, the LSA could not be used at frequencies below 2.4 MHz.
Because a reference of the absolute accuracy of this device is still preferable, this paragraph
describes an alternative setup that overcomes the problems mentioned previously. By using a
frequency modulator in one of the interferometer arms, the spectral information at the
interferometer output is shifted from the low frequency region, to the modulation frequency
and problems with lIf noise or with the local oscillator are avoided.

Measurement setup

To measure the linewidth of a DFB laser with the help of a frequency modulator, the
following setup was used:

DFB Laser t"'"---t

~T

LSA

HP 71400C

100 MHz, 1.4 V
HP 3314A

Function Generator

Figure 4-5. Homodyning setup using a frequency modulator and
the Lightwave Signal Analyzer to measure the linewidth of a DFB laser.
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. Measurement point

-- Lorentz fit

Again, the DFB laser is operated at a current of 60 rnA and a temperature of 26° C. The light
coming from the DFB laser passes an isolator and is fed into a splitter. In one of the arms, a
LiNb03 frequency modulator is present whereas the other arm contains a delay fiber of six
kilometer to decorrelate the signals in both arms. The HP 3314A Function Generator produced
a sinus wave at 100 MHz with a top-top voltage of 1.4 volts.

After recombination of both arms, the output signal is the result of homodyning of the original
signal with a signal modulated at 100 MHz. The spectrum of this resulting signal has a laser
peak at 100 MHz with a width twice the width of the original signal. This signal is connected
to the optical input of the LSA which operated in the frequency region of 24 to 250 MHz.

Again, several measurements were made and the resulting spectra were sampled using a
program written in HP-VEE. The sampled spectra were fitted with a Lorentz curve and from
this fit, the laser linewidth was calculated.

Measurement results

Using the procedure described previously, fifteen laser spectra were measured and the
corresponding values for the laser linewidth were calculated. One of the sampled spectra is
depicted in the next figure, together with its Lorentzian fit:

100 MHz Frequency

Figure 4-6. A laser spectrum and its Lorentz fit, obtained by
frequency modulation and homodyning and measured with the LSA.

The peak in the fit depicted above, lies at 100.44 MHz and from this fit, the laser linewidth
was calculated by dividing the width of the fit by two.
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The linewidths that were calculated in this way, are summarized in Table 4-3:

Table 4-3. The results of the linewidth measurements made with
the LSA by using frequency modulation and homodyning.

Measurement number Laser linewidth (in MHz)

1 9.07

2 12.5

3 .. 9.04

4 9.51

5 15.8

6 8.96

7 8.9

8 14.9

9 9.47

10 8.2

11 9.9

12 14.7

13 16.7

14 16.3

15 9.58

average linewidth 11.6

t(8

With this measurement setup, an average linewidth of 11.6 MHz with a standard deviation of
27 % was measured.

Again it is seen that the measured value of the laser linewidth is larger than is specified. On
the other hand, the measurement result that was obtained with this setup, is closer to the
specified linewidth value than the result that was obtained with the unmodulated homodyning
setup of the previous sub-paragraph.

A reason for the difference between the specifications of the laser and the measurement results
could stem from chosen measurement range which starts at 24 MHz and ends at 250 MHz. A
linewidth of 10 MHz was to be measured by homodyning. This means that a frequency span
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of 30 MHz (2 times 10 MHz plus some additional space) suffices. Larger frequency spans
only increase the measurement error.

Measurement conclusions

Using a frequency modulator in a homodyning setup, the linewidth of a DFB laser was
measured with the use of a Lightwave Signal Analyzer. The measured linewidth was 11.6
MHz whereas the specified laser linewidth was 9.78 MHz.

Apart from the setup with the Fabry-Perot Interferometer, the setup presented in this
paragraph provided the best absolute result. Improvements in the setup could be made but due
to time restrictions it was decided to let this subject be.

The results presented in this sub-paragraph show that in a DWDM system, the LSA can not
just be used to measure broad spectra, but also for measuring a smaller spectrum, like that of
an unmodulated laser. For this reason, it can be concluded that the LSA can be used in a broad
range of applications and can be a helpful instrument in characterizing DWDM systems.

4.1.4. Conclusions

The results that were presented in this paragraph are summarized in the following table:

Table 4-4. A comparison of the three different setups that were used to determine
the linewidth of a DFB laser (the specified linewidth of this laser was 9.8 MHz).

Type of setup Measured linewidth Standard Applicable
(in MHz) deviation frequency range

FPI 9.7 12.4 % 0- 6GHz

LSA 20.9 14.7 % 100 Hz - 22 GHz

LSA+FM 11.6 27.4 % 100 Hz - 22 GHz

This table shows that the Fabry-Perot Interferometer scores best when it comes to absolute
accuracy and reproducibility. However, the range of applications for this device is limited.
The setups using the Lightwave Signal Analyzer give less accurate results but accuracy could
be improved by designing better measurement setups. For example, a setup applying the
heterodyning of two laser sources that are tuned at slightly different wavelengths could be
used. For this reason, it can be concluded that as soon as an indication of its absolute accuracy
is obtained, the LSA can be used in a broad range of applications when working with optical
communication systems.

4.2. The performance of different modulation schemes

During this research project, different types of laser modulation schemes were characterized.
In the setup at Swisscom, the modulators were used to impose a 2.5 Gbitls SDH signal on an
optical carrier and in order to determine the performance of these modulators, BER curves
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were measured. In this paragraph, the results of these BER measurements are presented and
the quality of the different modulation techniques is compared.

4.2.1. Direct modulation

The simplest way in which a laser source can be modulated is to impose the signal that is to be
transmitted directly on the current that drives the laser. By varying this driving current, the
amplitude of the output signal of the laser varies as well and the data signal that is to be
transmitted can be detected by a photodiode at the receiving end of the communication
system. This type of modulation is called intensity or current modulation and a
communication system of this kind applies Intensity Modulation with Direct Detection (IM
DD).

The main disadvantage of the type of modulation described above, is that the refractive index
of the active layer of the laser also varies when a variable current is applied. This variation in
refractive index causes shifts in the wavelength at the laser output and through this effect,
intensity modulation causes frequency chirping and broadening of the optical output spectrum.
In other words, when intensity modulation is used, the optical output signal is modulated both
in amplitude and frequency. This frequency chirping is an effect that severely degrades the
performance of long haul systems, as was shown in the previous chapter.

When intensity modulation is used, two modulation parameters can be changed, First of all,
the modulation index of the communication system can be adjusted by varying the ac and dc
levels of the driving current. Here, the modulation index is defined as the ratio between the
difference in the detected current of the received ones and zeroes and the sum of the detected

II - 10current of the received ones and zeroes: m = ,
II +10

The extinction ratio of the detected data is defined as the ratio between the detected currents

II
of received ones and zeroes: ER = -.

10

C b
" h ER-l

om mmg t ese two equations gives the following result: m =--
ER+l

Through these equations it is clear that choosing a certain modulation index determines the
extinction ratio of the detected data as well. For a high extinction ratio, the detected zero level
10 should be small which implies that the laser should be modulated below the laser threshold
current when zeroes are transmitted. Unfortunately, modulating below the current threshold
decreases the maximum modulation speed, increases the amount of frequency chirping and
operates the laser in the non-linear part of its output power versus current curve.
Consequently, it can be stated that the modulation index changes both the data extinction ratio
as well as the amount of frequency chirping of an intensity modulated DFB laser.

The second modulation parameter is the frequency of the modulation current. This frequency
determines the transmission rate of the communication link and also influences the amount of
frequency chirping.
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In this sub-paragraph, a setup applying the method of intensity modulation is discussed and
the resulting broadened laser spectra are shown.

Afeasurernentsetup

To show the effects of the modulation index and frequency on the spectral broadening of the
laser signal, the following setup is used:

Tektronix 454
Oscilloscope

HP 3314A
Function
Generator

DFB Laser

Anritsu MP96A
OpticallElectrical

Converter 0
_---

Jac,f

HP 54110D
Oscilloscope

HP-ffi

T V

Controller

Figure 4-7. Setup used to determine the effects of intensity modulation on the laser linewidth.

The DFB laser is operated at 26°C and is driven by a dc current of 100 rnA. By adjusting the
amplitude of the sinusoIdal modulation current that is imposed on the dc current, the
modulation index can be changed which results in different data extinction ratios and a change
in the frequency chirping of the DFB laser. Furthermore, the frequency of the modulation
current can be adjusted and its influence on the laser chirping can be determined

After the light is splitted, the Fabry-Perot Interferometer is used to measure the laser spectrum
so it can be sampled and displayed on the HP digital oscilloscope. With a Fabry-Perot
Interferometer, only those spectra with a width smaller than 6 GHz can be measured but on
the other hand, it ensures that the measured spectra have a high resolution. From the detected
spectra, Lorentzian fits can be made with which the width of the emitted laser spectrum can be
determined.

The light in the other branch that leaves the splitter, is converted to the electrical domain and
the resulting amplitude and frequency modulated signal is shown on a Tektronix oscilloscope
so that the modulation index can be measured.
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Measurement results

t(iJ

The amplitude of the modulation current was 0.5 V which resulted in a modulation index of
0.14. To modulate the DFB laser, modulation frequencies of 1.75, 5, 10 and 15 MHz were
used and the resulting spectral broadening was examined. Three of the measured spectra are
depicted in Figure 4-8 :
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Figure 4-8. Spectral broadening caused by intensity modulation. The modulation index is approximately 0.14 for
all three measurements whereas the modulation frequency is 0 MHz,S MHz and 15 MHz respectively.

The first picture in Figure 4-8 shows the unmodulated DFB spectrum. The first peak in this
spectrum is the zero order resonance peak of the Fabry-Perot cavity whereas the second peak
is a higher order transverse mode. The distance between these two peaks is constant for a
given cavity and is described by (Eq. A-7) and (Eq. A-8). For the FPJ that was used during this
measurement, this distance equals 785 MHz. When the FPJ settings are not altered during the
other spectral measurements, this particular value is valid for all measured spectra and
consequently, the spectral width of the frequency modulated DFB spectra can be calculated.
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The result of these calculations is summarized in the next table:

Table 4-5. Spectral broadening as the result of intensity modulation.

Modulation frequency (in MHz) Spectral width (in MHz)

0 12.7

1.75 1.3.103

5 1.8.103

10 2.3.103

15 2.6.103

t(8

From this table, it can be concluded that the intensity modulation of a DFB laser causes
extreme spectral broadening.

Another measurement was made using a modulation index close to zero at a modulation
frequency of 3 MHz. The width of this modulated spectrum was 136 MHz.

These measurements show that the spectral broadening of a DFB laser is a function of both
the modulation frequency and the modulation index. In general, the spectral broadening will
be larger at higher modulation frequencies and higher modulation indexes. At a modulation
index of only 0.14, intensity modulation with 15 MHz causes a spectral width of 2.6 GHz.
Even with modulation indexes close to zero, 3 MHz intensity modulation still resulted in a
spectral width of 136 MHz.

Measurement conclusions

The preceding measurements show that intensity modulation of DFB lasers causes spectral
broadening. The width of the emitted spectrum is a function of both the modulation frequency
and the modulation index.

It was shown that at a modulation frequency of 15 MHz and a modulation index of 0.14, the
width of the emitted laser spectrum was 2.6 GHz. In practical communication systems, an
extinction ratio of 10 dB is demanded. In this case, the resulting modulation index will be
0.82. When this communication system is operated at 2.5 Gbitls, the spectral width will be
much larger than the 2.6 GHz that was mentioned previously. When such a signal is to be
transmitted over a dispersive fiber, interference between adjacent bits will result and the
received data signal will not be useful.

Consequently, intensity modulation in the way that was shown previously, cannot be used in a
DWDM communication system and other types of modulation have to be used. For this
reason, two extemal modulation schemes are examined in the next two sub-paragraphs.
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4.2.2. Electro-Absorption modulation

One type of external modulator providing 2.5 Gbit/s modulation speeds with hardly any
frequency chirping is the Electro-Absorption (EA) modulator which was described in sub
paragraph 2.4.1. In the following sub-paragraph, the performance of a system using such
external modulators is determined and conclusions on the usage of the EA modulator are
given.

Measurement setup

The two available Lucent DFB lasers with integrated EA modulators were housed in a Profile
PR08DDD mainframe. These lasers and modulators were used in the following setup:

DFB laser with

EA Modulator

r'=r:::r='lll.-(:'T-- I
i H i~U... U....
L._, .__J

Tektt'OniJ: OCP 5002

OpticallElecltkal Conv~n('r

SOH Signal Generator
HPEl675A

Tx Opt. out

Rx Opt in f-----::--1

Figure 4-9. System setup using a DFB laser with an integrated EA modulator.

The optical power coming from the SDH signal transmitter was reduced by an attenuator to
avoid input power overload of the Tektronix OlE converter. Furthermore, this extra
attenuation is needed to limit the output signal of the Tektronix OlE converter so that input
power overload and non-linear behavior of the EA modulator is avoided as well. After
modulation by the EA modulator, the optical signal passes a variable attenuator and is
connected to the optical input of the receiving part of the SDH signal generator. By increasing
the attenuation, the optical input power will decrease and the BER will increase. In this way, a
BER curve as a function of the input power is obtained.

Before starting the BER measurements, the ideal settings of the EA modulator parameters Uth

and Umod had to be found. Optimization of these parameters was done by adjusting them for a
certain constant power level fed into the SDH receiver until a minimal value of the BER was
found.

Measurement results

Minimization of the BER as described above, resulted in the following modulation parameters
which were used during our tests:

Table 4-6. The modulation parameters used in the EA modulation experiments.

Uth (in V) Umod (in V)

Laser 1 -1.191 1.514

Laser 2 -1.219 1.156
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Applying these parameters to the setup of Figure 4-9, and measuring the corresponding BER
curves for both EA modulators resulted in measurement data which is summarized in
Appendix D.

Correction of the measured data

As different BER measurements with different modulators and different modulation
parameters will be made, the resulting BER curves will be shifted due to the different
modulation indexes. In Appendix B it is explained that for a sensible comparison of the
measured BER curves, the BER data summarized in Appendix D, has to be corrected.

/1 -/0
To correct the measured BER data, (Eq. B-16) states that the factor has to be

/1 +/0
determined. The values of /0 and /1 were measured from the corresponding eye diagrams
which were obtained with a setup equivalent to the one depicted in Figure 3-3. The resulting
eye diagrams are shown in Figure 4-10:

Eye diagram of the IIfS! laser source.

........ : : : .

Eye diagram of the second laser source.

Figure 4-10. The eye diagrams of the EA modulators with the modulator settings as shown in Table 4-6.

The zero volts level of these eye diagrams was obtained by switching the laser sources off and
adjusting the DC offset of the Tektronix converter in order for the measured noise to coincide
with the zero volts level on the display of the Tektronix Communications Signal Analyzer.
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After this initialization step, the current levels for a logical "0" and a logical "1" could be read
from the oscilloscope display. In order to get more accurate results for the correction factors,
these logical levels were determined with the help of the oscilloscope's histogram features.
Using histograms, the oscilloscope determines the mean value for both signal levels after
having taken several thousand samples. Using this statistical method, the following signal
levels and correction factors were found:

Table 4-7. The logical signal levels of the optical signals after EA modulation.

10 (in mY) 11 (in mY) 11 -10

II +10

Laser 1 (EALl) 32 166 0.677

Laser 2 (EAL2) 152 484 0.522

After having measured the BER curves as a function of optical input power, the corrected
curves were found with the formula stated in (Eq. B-16).

Correcting the data listed in Appendix D with the formula mentioned above will cause a left
shift of both BER curves. The first curve will move 1OlOIog (0.677) = 1.7 dBm to the left,
whereas the second curve shifts 1010Iog (0.522) =2.8 dBm to the left.

The corrected results of the BER measurements are shown in the following picture, together
with the results from the back-to-back measurement as described in sub-paragraph 3.1.1.:

a:
w 0.01 -lIE-BERB2B
a:l

1E-3 -i!J.-BEREAL1

1E-4 -v-BEREAL2

1E-5

1E·6

1E-7

1E-8

1E-9

1E-10

1E·11

1E-12

1E-13

·40 ·38 -36 -34 -32 -30 -28 -26 -24 -22

Pin (in dBm)

Figure 4-11. BER curves of the setup applying EA modulators (BEREALl, BEREAL2)
compared to the back-to-back system setup (BERB2B).
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Measurement conclusions

Figure 4-11 shows that the performance of the system using EA modulators is worse than that
of the system applying the back-to-back setup. The receiver sensitivity, defined as the input
power level at a BER of 10-9

, is degraded with 1.0 dB for the first EA modulated laser
(BEREALl) and 3.4 dB for the second (BEREAL2) compared to the back-to-back situation
(BERB2B).

At very low input powers, the number of Gaussian errors is very high and consequently, as
was mentioned in Appendix B, any errors caused by non-Gaussian processes should drown in
the Gaussian noise. In other words, at these low input powers, the BER curves are the result of
a Gaussian process only and therefore, the curves should converge. As can be seen in Figure
4-9, this is not entirely the case for the BEREAL2 curve which is the result of measurement
inaccuracies of the BER curves and of the extinction ratio.

Compared to the results obtained with the back-to-back setup, the BER curve that was
measured with the EA modulators is substantially higher which probably stems from the
following three causes:

• First of all, because direct use of the electrical 2.5 Gbitls signal was not possible and
additional photodetectors were needed to obtain an electrical modulation signal, extra
noise sources were introduced in our setup. This noise is non-Gaussian and is not
described by our BER theory mentioned in Appendix B. This noise results in signal
deformation and consequently in BER degradation and is the main reason for the fact that
the two curves do not decline as steep as the back-to-back BER curve does.

• Furthermore, the modulation signal coming from the Tektronix EtO converter is probably
not conform the recommended ECL signal levels and BER improvement might be
obtained by reshaping this modulation signal to the specified ECL levels. Unfortunately,
this was not possible with the equipment available during the project and the BER curves
could not be improved with regard to those shown in Figure 4-11.

• Finally, as can be seen in Figure 4-11, the measured BER curves flatten at high input
powers. Especially in the BEREAL2 curve it is as if the system has a minimal BER limit.
This flattening cannot entirely be explained by the two reasons mentioned above because
the BEREALI curve is not degraded to the same extent as the second curve is. Therefore,
it is suspected that additional noise is also present within the Profile PR08000
mainframe, for example due to a bad connection of the modulation signal. Additional
noise could also stem from internal noise in the lasers and modulators themselves,
independent of the applied modulation signal. Furthermore, noise could also be caused by
reflections between laser and modulator and could be different for both lasers in the
mainframe.

The reasons mentioned above cause BER degradation and further study is necessary in order
to lessen the impact of these negative effects. Some improvement in performance can be
achieved by minimizing the number of system components and by using a modulation signal
which is conform ECL specifications.
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4.2.3. Mach-Zehnder Interferometer modulation

t(8

The second modulator available for use in the DWDM system was the Mach-Zehnder
Interferometer (MZI) modulator. This external modulator can also provide 2.5 Gbitls
modulation and theoretically, it should not introduce any additional chirp, as explained in sub
paragraph 2.4.2. In the following sub-paragraph, the performance of systems utilizing a MZI
modulator is determined and conclusions on the usage of a MZI modulator are given.

Measurement setup

Testing the performance of the MZI modulator was done by measuring a BER curve with the
following system setup:

HP8168FTLS

SDH Signal Generator

Tx Opt. out
Tektronix ocr 5002

OpticallElectrical Convertor

M
Z
I

Rx Opt. in

Figure 4-12. System setup using a MZI modulator.

This setup is similar to the one utilizing an EA modulator. Again, the optical output of the
SDH signal transmitter is converted to the electrical domain and used as a modulating signal
for the MZI modulator. Again, the optical signal has to be converted to the electrical domain
and again, this extra conversion step will introduce additional noise, deformate the SDH
signal and consequently, degrade system performance.

The optical power coming from the SDH signal transmitter was attenuated with 3 dB to avoid
input power overload of the Tektronix OlE converter. This is less attenuation compared to the
setup in which EA modulators were used because this time, the MZI driver input can handle a
higher input level than the EA modulator input could. Consequently, the Signal to Noise Ratio
(SNR) of the modulation signal will be somewhat better and a better BER curve could be the
result.

For input signals that are large enough, the MZI driver is in saturation and acts as a clipping
device, not only amplifying the electrical modulation signal, but also reshaping it so that
modulation signal imperfections such as overshoot, undershoot and rise and fall times are
improved. The resulting eye diagram will be more square shaped and the eye opening will be
larger. This will ultimately result in better BER performance.
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The applied modulation signal will cause a phase delay of the optical signal in one of the arms
of the interferometer and after recombination of both arms, the light at the interferometer
output will be amplitude modulated. Finally, this modulated optical signal is attenuated and
led into the SDH receiver.

As was explained in 2.4.2, the State Of Polarization (SOP) of the light inside the MZI should
be at a constant value during a measurement. This requirement is very important because
changes in the SOP of the light inside the MZI will lead to changes in the optical power level
coming from the interferometer output. Consequently, this will cause unwanted changes in the
BER during a measurement. In the setup, a Polarization Maintaining Fiber (PMF) between the
HP Tunable Laser Source and the MZI is used to keep the SOP at a constant value.

To control the amplification factor of the driver, a bias voltage Vc has to be adjusted. This
adjustment is needed to fine tune the electrical modulation signal to the MZI modulator so that
a maximum modulation index is obtained. Again, this parameter was optimized by
minimizing the BER.

Measurement results:

The bias voltage that resulted in a minimum BER and thus gave the best system performance,
was found to be Vc = 9.65 V. This bias voltage was used during the BER measurements
described hereafter.

The BER measurements with the system and the settings that were mentioned previously,
produced the measurement results shown in Appendix D.

Correction of the measured data

For a sensible comparison between the different modulation schemes, the measured BER data
collected in Appendix D, had to be corrected with a correction factor given by (Eq. B-l6).
This correction factor was calculated by measuring the eye diagram with a setup similar to the
one in Figure 3-3. Using this setup, the following eye diagram was obtained:

45BmV········ ...... -: i : : : : ~ : :

......... ~ ~ : : : ~ ~ :
. .

Figure 4-13. The eye diagram of the transmitted signal using a MZI for modulation purposes.
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From this eye diagram, the signal levels 10 en I J were determined and consequently, the
II - 10correction factor could be calculated.
11 +10

The zero volt level in Figure 4-13 was found by switching the laser light off. Ideally, the
signal level 10 should be at zero volts but in our setup this is clearly not true, as can be seen in
the previous figure. From the eye diagram the two signal levels for a logical "0" and "1" were
determined by using the histogram functions of the CSA S03A oscilloscope. The voltages
found were 48 mV and 324 mV for 10 and I] respectively. The resulting correction factor
equals 0.742 and causes a left shift of 1.3 dBm.

The combination of these results with those of the back-to-back measurements and the
measurements on the EA modulators, gives an overview of the different modulation
techniques and their respective performances, as can be seen in Figure 4-14:
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Figure 4-14. The HER curves resulting from systems with different types of modulators.

In Figure 4-14, all the BER curves that were measured for the different setups are depicted.
The BERB2B curve was obtained with the back-to-back setup shown in Figure 3-1. The curve
found with the system containing a MZI modulator is labeled BERMZM. Finally, BERBALI
and BERBAL2 are the curves found by using an Electro-Absorption modulator.

All the curves assembled in Figure 4-14 were corrected using the correction factors as
described in Appendix B. The correction factors for the back-to-back setup as well as for the
system with EA modulators were calculated previously.

64



Characterizing the DWDM System Components

Measurement conclusions

t(8

From the results of the measurements on a MZI modulator, a number of conclusions can be
drawn:

First of all, the use of the MZI modulator and its driver results in very good BER performance.
In Figure 4-14 it can be seen that with regard to the back-to-back setup, the BER curve
resulting from MZI modulation has a receiver sensitivity that is improved with 0.3 dB. This
improvement may be caused by the driver which digitizes the modulation signal and in doing
so, removes signal imperfections. At low input powers, a comparison between the back-to
back setup and the MZI setup shows that the latter setup gives less errors for the same input
powers and the resulting MZI BER curve lies left of the back-to-back curve.

However, as was mentioned in sub-paragraph 3.1.1, the BER curves should converge at low
input powers. For the BERMZM curve, this is not entirely the case and could be the result of
measurement inaccuracies of the BER curve and of the extinction ratio.

Furthermore, in Figure 4-14 it can be seen that at high input powers, the measured BER curve
is higher than the one obtained in the back-to-back setup. This is probably due to the extra
equipment present in the measurement setup. As with the EA modulators, this extra
equipment introduces noise and signal distortion which causes additional errors, resulting in a
substantial increase in BER, especially at low BERs.

Finally, it should be remarked that the BER obtained in systems utilizing MZI modulators
could probably be improved by using an electrical 2.5 Gbit/s modulation signal directly,
instead of using a converted optical signal. This would reduce the number of system
components and thus remove additional noise sources.

4.2.4. Conclusions

In the preceding sub-paragraphs, several types of modulation were compared with each other
and with a reference curve obtained with a back-to-back setup. In order to compare the results
obtained with these setups in a sensible way, the measured BER curves were corrected for the
curve shift caused by the limited data extinction ratio.

The received power that resulted in a BER of 10-9 , is denoted as the receiver sensitivity which,
for the corrected BER curve of each setup, is summarized in the following table:

Table 4-8. The corrected receiver sensitivities for each system setup.

Type of setup Receiver sensitivity (in dBm)

back-to-back -31.8

with EA modulator 1 -32.1

with EA modulator 2 -30.8

with MZI modulator -28.4
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From this table and from Figure 4-14, a number of conclusions can be drawn:

t(8

First of all, the back-to-back setup gave the best BER curve at high power inputs. In other
words, with this setup the lowest BER value was measured.

Furthermore, the setups using the EA modulators resulted in the worst BER curves in which it
was almost as if the measured curves had a minimum value. This effect expressed itself by the
first onsets of a BER floor. In these setups, more components were used than in the back-to
back setup which might account for a part of the BER increase. However, as the two setups
with the two EA modulators had different BER curves, it is suspected that problems with the
DFB-EA laser chips are also the cause of this BER increase.

The setup using a MZI modulator had the lowest BER value at low input powers although
additional noise is generated by the extra E/O converter. The performance of this setup might
be the result of the clipping driver/amplifier that improved quality of the MZI modulation
signal. However, at high input powers the system performance was worse than that of the
back-to-back setup which might be caused by the additional equipment.

At this point it has to be stated that the SDH receiver is optimized for optical signals at 1300
nm. If a difference exists between the receiver responsivity at 1300 and 1550 nm, differences
will automatically occur between on one hand the EA and MZI setups and on the other, the
back-to-back setup. Unfortunately, the receiver specifications did not provide information
about receiver responsivity.

Another conclusion that can be found in Figure 4-14 is that corrected BER curves converge at
high BER values. For low input powers, it is assumed that additional non-Gaussian noise is
drowned by the receiver noise. As this receiver noise is equal for all modulator setups, the
BER curves will join at low receiver power levels.

Finally, after all these measurements it is clear that a BER curve provides accurate and
reproducible information about the system performance.

4.3. Determining the crosstalk parameters of the DWDM demultiplexers

This paragraph is devoted to the characterization of crosstalk in a DWDM demultiplexer and
it presents the measurement method that was used to determine the crosstalk figures of the
particular demultiplexers that were applied during this research project.

As was discussed in paragraph 3.3, the crosstalk between channels in a demultiplexer severely
degrades the system performance. In order to clarify what the impact of crosstalk is on the
functioning of the DWDM system, it is necessary to know the crosstalk figures of the
demultiplexer. This sub-paragraph shows the method which was used to measure these
crosstalk figures and describes their impact on the system performance.
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Measurement setup

Measurement of the crosstalk figures was done with the following setup:

t~

DMUX

HP-VEE I HP-IB •Figure 4-15. Setup for the wavelength characterization of an eight channel DWDM demultiplexer

In principle, the setup depicted above can be used to characterize any optical device as a
function of wavelength. The HP 8l68F Tunable Laser Source sweeps through the frequency
domain for the DWDM channel which is to be characterized. The demultiplexer output power
is measured by the HP 8153A power meter and the resulting measurement data is sent over
the HP-IB bus to a computer.

The measurement instruments in this setup are controlled by a program written in HP-VEE.
This program was especially written within the frame of this research project but as it consists
of general objects, it can be re-used in other measurement setups that are also aimed at the
wavelength characterization of optical devices.

The user interface of this program is shown in Figure 4-16:

Figure 4-16. The Grafical User Interface of the HP-VEE program used to measure frequency responses.

67



Characterizing the DWDM System Components

The frequency characterization proceeds in the following way:

tiB

• First, several measurement parameters as start wavelength, stop wavelength and
wavelength increment have to be provided. The last parameter determines the measurement
resolution.

• After that, both the laser and the power meter are initialized.

• The next object in the program determines the maximum output power of the laser within
the specified wavelength range.

• Then, a reference measurement is started for which the laser is set at the start wavelength
with an output power equal to the maximum power level found in the last step. This
reference measurement is needed in order to characterize the attenuation of the power
meter and the optical fiber. For this reference measurement, the user is prompted to remove
the demultiplexer in Figure 4-15.

• After the reference measurement has been made, a message is displayed asking the user to
put the demultiplexer back in the measurement setup. When ready, the user presses "OK"
and the actual frequency response is measured.

• Finally, in the last step the results of the last measurement are calibrated with the results of
the reference measurement, and the difference (in dB) is displayed and saved to a diskette
according to the user's wishes.

For the complete characterization of the demultiplexer, the measurement proceedings given
above have to be repeated for every channel. Finally, the wavelength response of the entire
demultiplexer is found by graphically overlaying the measurement results for each channel.

Measurement results

Following the proceedings described previously, the following frequency responses were
obtained for the two available demultiplexers:
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Figure 4-17. The frequency responses of the two demultiplexers used in the DWDM system setup.

With this data, the crosstalk figures of the demultiplexers could be calculated according to the
crosstalk definition given in sub-paragraph 3.3.1. For each channel, the crosstalk was
calculated for two neighbour channels on either channel side. The results of these calculations
are the so called single-neighbour crosstalk figures and can be found in Appendix E.

In practical applications, all eight DWDM channels are simultaneously used for
communication purposes and a DWDM channel will experience crosstalk from all other
channels. As can be seen in the measurement results in Appendix E, the crosstalk levels
between two channels that are not direct neighbours are so large that crosstalk between such
channels can be neglected. Therefore, the unwanted signal power received in a certain channel
stems from its two neighbour channels only and the two crosstalk figures with these two
channels have to be added. These so called compound crosstalk figures are also depicted in
Appendix E.

The best and worst single-neighbour and compound crosstalk values found in Appendix E, are
also shown in Table 4-9:

Table 4·9. The best and worst crosstalk figures (in dB) in the used DWDM devices.

Single-neighbour crosstalk Compound crosstalk

Smallest figure Largest figure Smallest figure Largest figure

Demultiplexer 1 14.9 32.4 13.5 23.7

Demultiplexer 2 10.9 22.2 9.17 21.6

Apart from the crosstalk figures mentioned above, Appendix E also summarizes the measured
bandwidths of the demultiplexer channels. The bandwidth of a demultiplexer channel is
defined as the Full Width of the transfer function of the channel under test, at Half Maximum
(FWHM).
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Measurement conclusions

The experience gained with the characterizations of the DWDM demultiplexers, leads to the
following conclusions:

First of all, the measurement method that was presented gave reproducible and accurate
results with a measurement range of approximately 50 dB. As signals that are suppressed
more than 50 dB hardly cause unwanted signal power in adjacent channels, they can be
neglected and for this reason, the provided range of 50 dB suffices.

Furthermore, as can be seen in Figure 4-17, the two demultiplexers both have side-peaks in
some of their attenuation curves. This decrease in attenuation occurs in every second channel,
for one demultiplexer in the even channels and for the other in the odd channels. Therefore,
when the two devices are cascaded, the good and bad channels are also cascaded and the
unwanted peaks will not be added which will limit the amount of crosstalk.

Another conclusion that can be drawn is that the smallest "single neighbour" crosstalk figure
was approximately 11 dB whereas a worst case crosstalk figure of 9.2 dB exists when two
neighbour channels are used at the same time. These small figures cause a considerable
amount of crosstalk and as will be shown in Chapter 5, a power penalty in the receiver
sensitivity will be the result.

4.4. Conclusions

In this chapter, the performance of some of the components present in a DWDM system have
been studied.

Because the linewidth of the DFB laser source should be small in order to limit the influence
of the dispersion of the fiber, it was examined how the linewidth of the DFB laser source
could be measured with high accuracy. From the measurement results, it is shown that the
Fabry-Perot Interferometer is a measurement device providing a resolution high enough to
determine the laser linewidth with high accuracy. However, it cannot be used to measure laser
spectra broader as its Free Spectral Range. For the particular device available, this implies that
the spectral width should not exceed 6 GHz.

Although this requirement does not cause any problems in DWDM systems, a device capable
of measuring spectra broader than 6 GHz was examined. This particular device is a so called
Lightwave Signal Analyzer, which consists of a spectrum analyzer with a photodiode
connected to its input. To determine the accuracy of this device, the linewidth of an
unmodulated DFB laser was measured by applying the method of homodyning. Unfortunately,
as the homodyning spectrum lies at zero Hertz, the measurement results were deteriorated by
the local oscillator of the spectrum analyzer and by l/f noise.

The third and last measurement setup with which the DFB laser linewidth was measured again
used the LSA. This time however, the DFB laser spectrum was frequency modulated and
homodyned with its unmodulated spectrum. The resulting spectrum is symmetrical around the
PM frequency and no lIf noise nor a local oscillator are present. However, the measurement
results were still not as good as those obtained with the FPI.
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Furthermore, this chapter paid attention to the system performances of several types of
modulation. It was shown that intensity modulation causes an enormous increase of the signal
spectrum width and cannot be used in DWDM systems.

Of the external modulators, the MZI modulator provided the best system performance.
Although the measured BER curve was not as good as the one obtained in a back-to-back
setup, the MZI performed better than the EA modulators. These latter modulators showed a
decrease in the slope of the BER curve at high input powers and it is suspected that internal
reflections or a bad connection between the modulation signal and the EA modulator cause
this performance degradation.

Finally, the DWDM demultiplexers were characterized. The optical response of these filters
was measured and the crosstalk parameters of the optical channels was calculated. The worst
case compound crosstalk figure was 9.2 dB which, according to the theory presented in
paragraph 3.3, can cause a substantial performance degradation.
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5. The Influence of Crosstalk on the DWDM System Performance

One of the goals of this research project is to characterize the influence of the different
components on the performance of the optical multiplexing system. In the preceding chapter, it
was shown that the external modulators generate non-Gaussian noise which results in an
additional power penalty. The preceding chapter also showed a measurement setup with which
the crosstalk levels of the DWDM demultiplexers can be characterized. However, the influence
of these crosstalk levels on the performance of the DWDM system has not been measured yet.

This chapter examines this influence by showing, both in theory and experimental, what the
decrease in system performance is, when linear optical crosstalk between neighbour channels is
present. The measurements presented in this chapter are based on the crosstalk theory described
in sub-paragraph 3.3.2. The model presented in this sub-paragraph is based on the following
equations:

with Qgiven by:

Q
Qini

= ---;========
N -1( m J21+- RQ.. -n

4 1m m
s

(Eq.3-1O)

From these equations, it is clear that the BER depends on Qini, which denotes the initial BER
value without crosstalk, on N, which is equal to the number of channels that add unwanted
signal power, on R, which represents the attenuation between the unwanted signals and the
wanted signal and finally, on the modulation indexes ms and mn of the wanted and the
unwanted signals.

This chapter focuses on the latter formula and examines the influence of the crosstalk
parameter R on the BER and on the crosstalk induced power penalty. Furthermore, the
degradation of the BER curve in the presence of crosstalk will be shown.

First of all, the influence of crosstalk on the BER is examined. The first paragraph shows the
relationship between the BER and the crosstalk level and thus answers the question of how the
BER changes due to the crosstalk effects in the demultiplexer.

In the second paragraph, the influence of crosstalk on the BER curve is examined. The second
paragraph shows the BER curve as a function of the received optical signal power when, due to
crosstalk, an unwanted signal is present.

With (Eq. 3-10), the relationship between the power penalty and the crosstalk level can also be
examined, as was done in sub-paragraph 3.3.2. This chapter would be a good place to support
this theory with experimental data. However, the influence of crosstalk on the BER is already
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discussed in the first two paragraphs of this chapter. A third example showing that this theory is
correct, does not bring any substantial new results and for that reason, these measurements are
left out. For an explanation of the relationship between the power penalty and the crosstalk
levels, sub-paragraph 3.3.2 should be consulted.

Finally, this chapter ends by summing up the conclusions on the influence of crosstalk on the
performance of a DWDM system.

5.1. The increase in BER caused by crosstalk

The crosstalk level of an optical channel denotes the attenuation between the wanted channel
power and the unwanted power from other DWDM sources in this channel. Due to the presence
of a crosstalk signal, the wanted signal is degraded and the BER increases. This paragraph
shows the increase in BER as the amount of crosstalk, and thus the unwanted signal power in
an optical channel, increases.

For constant values of the number of channels N and the modulation indexes ms and mn, it is
possible to calculate the BER as a function of the attenuation between wanted and crosstalk
signals for different values of the initial BER parameter, Qini.

Measurement setup

To measure the increase in BER as a function of the unwanted signal power present in an
optical channel, the following setup was used:

DFB laser with

EA Modulator

Tektronix DRS 2488

OplicaIJEleclrical Convenor

HP 8168FlLS

SDH Signal Generator

Tx Opt. out

Rx opt. in

Teklroni. ocr 5002

OrticallEleetrical Convenor

HP 8158B

12km

Figure 5-1. The measurement setup with which the influence crosstalk on the BER can be determined.
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In the setup shown above, the light coming from the MZI modulator is the wanted signal
whereas the light that passes the EA modulator acts as the crosstalk signal.

By varying the attenuation of the HP 8158B optical attenuator, the unwanted power in the
received signal varies and the relationship between BER and unwanted power can be examined.

Although this setup does not contain the demultiplexers, it still enables the characterization of
the influence of crosstalk in the demultiplexers on the BER. As was shown in paragraph 4.3,
the worst case compound crosstalk value of the demultiplexers used during this research study,
was 9.2 dB. By measuring the BER for an attenuation between unwanted power and wanted
signal power of 9.2 dB, the degradation of the BER due to crosstalk in our demultiplexers is
known.

The 2.5 Gbit/s optical signal that leaves the SDH generator, is splitted and, for both branches,
converted to an electrical signal in order to drive the external modulators. The HP 8168F
Tunable Laser Source emits light at 1556.35 nm, whereas the wavelength of the crosstalk signal
equals 1556.76 nm. The light coming from the unwanted source is delayed in 12 kilometers of
fiber so that, after recombination, both laser signals are decorrelated, as is explained in
Appendix C.

First of all, after the HP Tunable Laser Source is switched off and the other laser is switched
on, the modulation parameters of the EA modulator are adjusted in order to minimize the BER.
After that, the bias voltage of the MZI modulator is optimized with the TLS switched on and
the other laser switched off. This procedure ensures that the modulation indexes of both laser
sources are at a maximum. After these modulation indexes are optimized, the eye diagrams of
the unwanted and the wanted signals are measured so that the modulation indexes of these
signals can be determined.

Then, with both laser sources switched on and with the modulator parameters having their
optimal values, the attenuation of the HP 8158B is made equal to 60 dB so that virtually no
crosstalk signal is present. After that, the attenuation of the HP 8156A optical attenuator is
adjusted so that the BER is approximately 1.10-10

. Starting from this setup, the unwanted signal
power is increased by decreasing the attenuation of the HP 8158B and the BER is measured.

Measurement results

The measurement procedure that was described previously was carried out for an initial BER
value of 1.4.10-10

• The modulation parameters that put the external modulators in their optimal
states were 1.153 V and -1.213 V for the modulation and threshold voltages of the EA
modulator and 8.9 V for the bias voltage of the MZI modulator.
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The resulting BER curve is depicted in the following figure:

t(8
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Figure 5-2. The increase in BER as a function of the crosstalk level.

Numerical results of this measurement can be found in Appendix F.

Apart from the measured degradation of the BER curve, Figure 5-2 also shows a calculated
curve. In order to be able to calculate this curve, the modulation indexes of the unwanted and
wanted signals were measured. These indexes were found to be 0.6 and 0.7 respectively. With
these values and the theory given in sub-paragraph 3.3.2, the theoretical curve was calculated
with N equal to two and a BER of 1.4.10-10 which equals a value for Qini of 6.313.

Measurement conclusions

From the measurement results presented above, a number of conclusions can be drawn.

First of all, it is seen that as the attenuation between the wanted and the unwanted signal is
decreased, the BER increases. Starting from a BER of 1.4.10-10

, we see that in the particular
setup that was used, the number of detected errors increases rapidly as soon as the attenuation
between the wanted and the unwanted signal becomes less than 14 dB.

Furthermore, the form of the measured curve is exponential, just as was expected from theory.
On the other hand, the measured BER values are larger than those that were calculated. This is
probably due to the additional non-Gaussian noise that stems from the external modulators.
This noise, that is present in both the EA modulators as well as in the MZI modulator, adds
extra errors that are not included in the presented theory.

In Chapter 4 it was concluded that the worst compound crosstalk figure in our system was 9.2
dB and in Figure 5-2 it can be seen that such a crosstalk level results in a BER of 1.10-8 which
is an increase in BER with a factor of 71.

From these results it is clear that in order to be able to guarantee a certain BER, a telecom
operator has to use a demultiplexer with high attenuation levels between wanted and other
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DWDM signals, as well as a management system that keeps the lasers in the middle of their
optical channels.

From the results presented above, the destructive effects of crosstalk in the demultiplexer are
clear.

5.2. The degradation of the BER curve due to crosstalk

In the last paragraph, the effects of linear optical crosstalk caused by the demultiplexer were
shown. An increase in the BER was clearly visible but the question remains what influence
crosstalk has on the shape of the BER curve. This paragraph will answer that question by,
again, using the model presented in sub-paragraph 3.3.2.

Schematically, the measurement procedure looks as follows:

Q= Qi"i

N-l( m"J1+- RQ.-
4 In! In,!

2
I I I (Q,BERxT) ( Pin ,BERXT)(Pin ,BER) I I (Qinj,BER) I I'

1
3

exp(- Q;n/ /2)
4BER=

exp(-Q2 12)Q;n;.J2ir
BERXT =

QJ2ii

Figure 5-3. Procedure to measure the BER curve, degraded by crosstalk.

First of all, a BER curve without any crosstalk has to be measured. This curve gives the
relationship between the BER, the optical input power and, through (Eq. B-8), Qini (step I).
Then, for each value of Qini, the new values of Q in the presence of unwanted signals are
calculated with constant values for the number of channels N, the crosstalk level R, and the
modulation indexes ms and mn (step 2). Following this step, the BER in the presence of
crosstalk is calculated for each new value of Q (step 3). Finally, the Q values are replaced with
the initial values of Pin (step 4).
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Measurement setup

t(i3

In order to measure the degradation of the BER curve due to linear optical crosstalk, the
following measurement setup was used:

HP 8168FTLS

SOH Signal Generator

Data out I------i>---H

Tx Opt. out f--------........;::::-..E-::'r.----.

Rx Opt. in f-------.",...,=::::7-1

HP 8156A

Figure 5-4. The measurement setup that was used to determine the influence of crosstalk on the BER curve.

In the setup shown above, the light coming from the MZI modulator is the unwanted signal
whereas the light that comes directly from the SDH generator acts as the wanted signal.

The HP 8158B optical attenuator is used to impose a certain amount of unwanted signal power
on the wanted signal. By varying the other optical attenuator, the optical power that is received
varies and the relationship between the BER and the optical input power can be measured.

The setup shown above is preferred to one that uses the laser with the integrated EA modulator,
because this latter device introduces a lot of non-Gaussian noise and signal distortions so that a
theoretical description of the resulting BER curve will not be possible.

First of all, the attenuation of the HP 8158B is made very large and the BER curve without
crosstalk is measured.

Second, the output of the MZI modulator is connected to a photodiode and a digital
oscilloscope, in order to find the value of the modulator bias voltage that results in an emitted
signal with a large eye opening. With this setup, the modulation index of the unwanted signal,
mn, is determined as well.

Then, with the light transmitted by the HP Tunable Laser Source still blocked by the HP
8158B, the optical power coming from the output of the SDH transmitter is measured with the
power meter. After that, the light coming from the SDH transmitter is switched off and the
optical power coming from the MZI modulator can be measured. As the influence of the
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crosstalk in the DWDM demultiplexer is to be examined, the attenuation factor of the HP
8l58B is reduced until the detected optical power coming from the MZI modulator is 9.2 dB
less than the power transmitted by the SDH generator.

At this point, it has to be stated that the wavelength of the transmitted SDH signal is 1300 nm
whereas the unwanted signal coming from the MZI modulator lies at 1550 nm. As the receiver
is optimized for 1300 nm reception, the fixed attenuation of 9.2 dB between wanted and
unwanted signals is obtained by measuring both powers with the power meter configured at
1300 nm. In this fashion, the adjusted attenuation of 9.2 dB that was measured with the power
meter, will equal the attenuation of wanted and unwanted signals at the. receiver and the fact
that the signal coming from the MZI modulator lies at 1550 nm is not relevant any more.

At this stage, the modulation index of the wanted signal, ms, is measured using an additional
SDH converter and a digital oscilloscope. Together with the measured value for mn, this value
is used to calculate a theoretical BER curve for comparison with the measured values.

Finally, with an unwanted signal that is 9.2 dB less than the wanted signal, the attenuation of
the HP 8156A is varied and the corresponding BER curve is measured.

Measurement results

The modulator control voltage that gave the maximum eye opening was 9.5 V. The resulting
modulation indexes for the unwanted and the wanted signals, were 0.3 and 0.9 respectively.

First of all, the attenuation of the HP 8158B was made very large and the BER curve without
crosstalk was measured. Then, the attenuation of the HP 8l58B was decreased so that the
unwanted signal power increased to a value of -34.7 dBm, which is 9.2 dB less than the wanted
signal power of -25.5 dBm.

After that, the BER curve could be measured by adjusting the attenuation of the HP 8156A.
These measurements resulted in the following BER curves:

-x-BER"me••
-0--- BER2,lheory
---0--- BER2,me••

a:
UJ lE-3
l:O

lE-4
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lE-7

lE-8

1E-9

lE-l0

1E-ll

1E-12

1E-13

·36 ·35 -34 -33 -32 -31 -30 -29 -28
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Figure 5-5. The shift of the BER curve caused by crosstalk.
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Numerical results of this measurement can be found in Appendix F.

The BERl,meas curve shown in Figure 5-5 is the result of the BER measurement without
crosstalk. From this curve, with the number of channels equal to two, the crosstalk level equal
to 9.2 dB and with the measured values of mn and ms as mentioned above, the degraded BER
curve, BERZ,theory, was calculated.

The BERz,meas curve in Figure 5-5 is the measured BER curve that was measured in the
presence of unwanted signal power. From this figure, it is clear that adding a crosstalk signal
causes a degradation of the BER curve.

Measurement conclusions

From the curves in Figure 5-5 it can be concluded that the BER increases due to the presence of
an unwanted signal. As the modulation index of the unwanted signal is small compared to the
modulation index of the wanted signal, the degradation of the BER curve is not very large and
results in a power penalty of 0.33 dB at a BER value of 10-9

.

Furthermore, the shape of the measured curve is the same as the shape of the calculated curve.
Therefore, it can be said that the model that was used to calculate this latter curve is at least in
part correct, although a difference between theory and practice exists. This difference manifests
itself in a power difference of 0.24 dB at a BER of 10.9•

The deviation between theory and praxis could be caused by the fact that the measurement of
the modulation index of the unwanted signal, mn, is extremely difficult. This modulation signal,
which comes from the SDH generator, is egg shaped and consequently, the histogram feature of
the CSA 803A digital oscilloscope cannot be used. Therefore, the measured value of the
modulation index mn could be erroneous. Furthermore, because the entire BER measurement
takes several hours, errors are also caused by variations in time of, for example, the properties
of the MZI modulator or of the modulator bias voltage.

On the other hand, because of the measurement inaccuracies, a deviation between theory and
praxis of 0.24 dB is to be expected with the measurement setup and the measurement
proceedings that were described above.

5.3. Conclusions

In this chapter, the influence of crosstalk on the bit error rate was examined. Based on the
model presented in sub-paragraph 3.3.2, two series of measurements were carried out.

The first kind of measurements were aimed at examining the relationship between the BER and
the crosstalk parameter. In used setup, the unwanted signal, with an optical power output that is
9.2 dB less than the wanted signal, caused an increase in BER from 1.4.10.10 to 1.10.8, which
equals a factor of 71. The measurements also showed that a unwanted signal, suppressed by
more than 14 dB with regards to the wanted signal, hardly causes an increase in BER.

The second kind of measurements focused on the influence of crosstalk on the BER curve. In
our particular setup, an unwanted signal with a power level that is 9.2 dB below the wanted
signal was added and the resulting BER curve was measured. The influence of crosstalk
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manifested itself by a power penalty that caused a shift in the BER curve. The crosstalk resulted
in a power penalty of 0.33 dB at a BER level of 10-9 whereas the shape of the BER curve
remained the same.

The results of these measurements show that the presented theory gives a good approximation
of the effects of linear optical crosstalk on the BER. Small deviations between the
measurements and the calculations are caused by time variations in the measurement
parameters during the measurements, non-Gaussian noise stemming from the external
modulators and measurement inaccuracies.
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6. Conclusions and Recommendations

t(8

In this chapter, a summary of the conclusions that were drawn throughout this report is given.
Furthermore, related subjects that are open for future study are summarized in a list of
recommendations.

In this report, several important DWDM components were listed and a characterization of
these components was made to see if the requirements of DWDM systems are met.

In order to avoid crosstalk and limit the effects of fiber dispersion in long haul DWDM
networks, the laser sources that are used should transmit light at a constant wavelength, with a
small spectral width and have a large SMSR. Furthermore, light sources should preferably be
tunable and emit a stable output power. It was shown that the kind of laser sources that meet
these requirements are DFB lasers and Fabry-Perot lasers with an external cavity. These two
kinds of laser sources were used in the laboratory setup and characterized. Furthermore, three
methods to determine the small DFB linewidth are presented and evaluated. According to the
specifications, the DFB laser sources have a linewidth smaller than 30 MHz and are tunable
over a wavelength range of 33 nm. Furthermore, a SMSR of 42 dB was measured. The Fabry
Perot source with the external cavity has a specified linewidth of less than 100 kHz with a
measured SMSR of 55.7 dB and is tunable over a wavelength span of 140 nm. Therefore it
was concluded that these sources meet the DWDM requirements.

When a modulator is to be used in a DWDM setup, it should not cause additional broadening
of the transmitted laser spectrum, have a low drive voltage and the extinction ratio, defined as
the ratio between the amplitudes of a logical one and a logical zero, should be large. Several
modulation schemes were tested and it was concluded that the external MZI modulator
provided the best results. Theoretically, this modulator should not cause any spectral
broadening (the a factor is equal to zero) and a communication setup using this type of
modulator at 2.5 Gbit/s had a receiver sensitivity of -31 dBm at a BER of 10-9

• This value for
the receiver sensitivity was much better than those that were obtained by using EA
modulators. Furthermore, at 2.5 Gbit/s this modulator had an extinction ratio of 8.3 dB and a
drive voltage of 552 mVtop-top.

Of the DWDM filter demultiplexers, a low insertion loss, temperature stability and a high
attenuation between each channel and its neighbour channels is demanded. The DWDM
demultiplexers that were studied consist of cascaded optical filters and have a channel
distance of 1.6 nm, a temperature stability of 5.10-4 mn/°C and a specified insertion loss
smaller than 4.5 dB. The specified attenuation between the wanted channel and the neighbour
channels is larger than 25 dB. However, according to the crosstalk definition given in sub
paragraph 3.3.1, a crosstalk figure of 9.2 dB exists when two neighbour channels are used at
the same time with laser sources that emit at the edges of their respective channels. This small
attenuation between wanted and unwanted signals causes a considerable amount of crosstalk
and it was calculated that at a BER of 10-13 this can result in a BER increase with a factor of
90 which equals a power penalty of 1.1 dB.

In this report, a theory describing the influence of linear optical crosstalk on the BER is given.
From this theory it can be concluded that when the crosstalk induced power penalty should
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remain close to zero, the attenuation between wanted and unwanted signal power at the
receiver should be larger than 14 dB.

Although a thorough study of DWDM transport systems has been made, a number of topics
still remains to be addressed.

In the laboratory setup, only short distances were covered so that the received signal was not
distorted by chromatic fiber dispersion. However, in a DWDM point-to-point transport system
that is operated in the field, long distances are covered and interference between successive
signals will occur. Therefore, one suggestion for future study is to enlarge the span of the
laboratory setup and study the influence of chromatic dispersion on the DWDM system
performance.

Furthermore, in real-life DWDM systems, EDFAs will be used to overcome the losses of
optical fiber and splices. As was pointed out before, these devices cause signal distortions
through the slope in the gain curve, the gain competition of the different optical channels and
the addition of ASE. Furthermore, when EDFAs are used, the transmitted signal power is high
enough to provoke non-linear effects in the fiber. Consequently, utilizing EDFAs in a DWDM
network can decrease the system performance and therefore, the problems introduced by
EDFAs have to be addressed.

New technological developments have brought 10 Gbit/s DWDM systems within reach.
Operating a system at frequencies this high introduces new specific problems that have to be
faced. Consequently, to stay up to date and make a future migration towards 10 Gbitls systems
possible, it is advisable to obtain laboratory experience and study these high bitrate systems.

Finally, the laboratory setup as it is presented here can be extended by adding OADM
components. By using these components, a first step in the direction of all optical networking
is made and experience with these systems can be obtained. Furthermore, these components
introduce specific performance penalties that have to be investigated. For example, OADM
components not only introduce additional losses in the transmission path but, more seriously,
they can cause intraband crosstalk between the added and the dropped wavelengths.

Considering the number of presented recommendations, it is believed that plenty of research
on optical networking remains to be done at Swisscom Corporate Technology.

82



Acknowledgments

Acknowledgments

I would like to thank everyone who helped me to achieve the results that are presented in this
report.

Special thanks go to Marcel Schiess and Christian Zimmer who invested a lot of time in this
study and whose remarks, suggestions and help have been invaluable. Through the many
discussions we had throughout the past year, they provided a substantial contribution to my
education and helped me develop the necessary practical and theoretical skills in electrical
engineering. They were also the first to read the manuscript of this report and provided many
suggestions and corrections.

Furthermore, Huug de Waardt contributed a lot to this study by giving helpful technical
suggestions, advice and long distance coordination.

Finally, professor Khoe is thanked for showing his faith in my skills by giving me permission
to work on my Master Thesis at Swisscom in Bern.



Fabry-Perot Interferometer Theory

Appendix A. Fabry-Perot Interferometer Theory

tl8

This appendix describes the Fabry-Perot Interferometer and derives formulas which are
important to understand the interferometer and its limitations.

A Fabry-Perot Interferometer (or Fabry-Perot Etalon) basically consists of two plane parallel
mirrors as shown in Figure A-I

A; B[ B2 B3

n°

r
n I

1
n°

Mirror

Mirror

Figure A-I. Incoming beam (A) is split into reflected beams (B n) and transmitted beams (An)·

Both mirrors have a reflectivity of less than I and therefore, the incoming beam of which the
spectral quantities have to be measured, is split in reflected beams Bn and transmitted beams
An.

As can be found in [YAR85], one round trip between the two mirrors gives rise to a phase
delay which can be described by:

8 = 41l'nl cosO
A

(Eq. A-I)

in which n is the refractive index of the material between the mirrors, 1 is the distance
between the two mirrors, 0 is the angle of incidence and A equals the wavelength of the
incident light.

The transfer function of this device is defined as the ratio of the total transmitted intensity and
the total incident intensity:

(Eq. A-2)

Both the transmitted beams A] to An and the reflected beams B] to Bn can be written as a
function of A j :

A] = tt'A j

B] =rAj,

A 3=tt'r,4e2j8Aj

B3=tt'r,3e2i8Aj,

A-I

A 4=tt'r,6e3i8Aj,

B4=tt'r,Se3i8A j ,

etc.
etc.
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in which 0 is the round trip phase delay as described in (Eq. A-I), rand t are the reflection
and transmission coefficients for beams traveling from n' to nand r' and t' are the reflection
and transmission coefficients for beams traveling in the opposite direction, from n to n'.

The summation of the transmitted beams Al to An gives the complex amplitude At of the total
transmitted beam, which can be written as:

As can be seen, the terms within parentheses form an infinite geometric progression, which
can be written as:

(Eq. A-3)

in which R equals the reflectivity of the mirrors and is equal to R=?=r,2, T equals the
transmittance of the mirrors and is equal to T=tt' and l+tt'=1.

Combining (Eq. A-2) and (Eq. A-3) results in:

(Eq. A-4)

This formula shows that the transfer function depends on the round trip phase delay 0 which
depends linearly on the wavelength of the incident light according to the relationship in (Eq.
A-I). The function described in (Eq. A-4) is also called an Airy function.

A plot of this transfer characteristic is shown in Figure A-2:
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Figure A-2. A plot of the theoretical transfer function of the Interferometer as a function of Dfor R =0.80.

From (Eq. A-4) and (Eq. A-I), it can easily be seen that the transfer function has a peak for:

4nnlcos8
0= Il =2mn with m equal to any integer

A-2

(Eq. A-5)
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In other words, the resonance wavelength Aat a certain value of m will shift whenever the
distance between the two mirrors is changed. This aspect of the Fabry-Perot Interferometer
makes the device suitable to scan an input spectrum by moving one of its mirrors. If the step
size of the mirrors as well as the width of the peaks of the transfer function are small enough,
high resolution measurements can be obtained and the linewidth of a laser spectrum directed
at the Fabry-Perot Interferometer input, will be known.

Rewriting (Eq. A-5) with j=c/A makes it easy to calculate the frequency difference between
two peaks:

c
!lI =I m+l - 1m =-2-nl-c-o-se- (Eq. A-6)

This difference is also called the Free Spectral Range (FSR) of the Fabry-Perot Interferometer
(see also [YAR85]) and is constant for a given configuration.

Apart from the longitudinal resonance frequencies shown in Figure A-2, an interferometer
also has transverse resonance frequencies with smaller amplitudes which are lying between
two longitudinal peaks. The ratio of the frequency spacing between these transverse modes
and the longitudinal modes is called the Fractional Mode Splitting (FMS) and is constant for
a given cavity configuration as can be seen in the following equation:

1
FMS = arccosO-R:)

7r
(Eq. A-7)

In this equation 1 equals the cavity length (or the distance between the mirrors) and Rrad

equals the radius of the cavity mirrors. With this value, the distance between two transverse
modes, also called the Transverse Mode Spacing, can be calculated with:

c
TMS=-FMS

21
(Eq. A-8)

with c equal to the speed of light in vacuum. By displaying the scanned laser spectrum on an
oscilloscope, the distance between two transverse modes can be measured and with the use of
the value calculated in (Eq. A-8) as a scaling factor, the respective difference in frequency can
be calculated. Applying this procedure yields the distance in nanometers between all
measurement points.

Another parameter which characterizes the Fabry-Perot Interferometer is the width of the
peak in the transfer function. This width, also shown in Figure A-2, is called the resolution of
the FPI and is defined as the separation !lI1I2 between the two frequencies at which the
transfer function is half of its peak value. The value of this width is taken as the resolution or
bandwidth of the Fabry-Perot Interferometer and is given by:

c l-R
4f112 = 2n:nl cose JR

A-3

(Eq. A-9)
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This fonnula was derived by applying the expression sin(x) =x which is valid for values of x
around zero. When x remains below 0.24, this approximation causes an error smaller than 1

1- R
percent. For (Eq. A-9) this means that the factor r;;' should be smaller than 0.24 or R

2v R
should be bigger than 0.62 which is true for most practical Fabry-Perot Interferometers.

The third and last characteristic Fabry-Perot Interferometer parameter is called the finesse F
which is defined as the ratio between the Free Spectral Range and the Fabry-Perot
Interferometer bandwidth:

~f n-JR
F-----

- ~fll2 - l-R (Eq. A-lO)

The quality of a Fabry-Perot Interferometer is defined by this finesse. A high quality Fabry
Perot Interferometer has got a large Free Spectral Range (or a large value of ~f) and a high
resolution (or a small value of ~fll2) and therefore a large finesse.

Measurement considerations

As mentioned before, the Fabry-Perot Interferometer can be used to scan the spectrum of a
light beam directed at its input by varying the distance between its mirrors. The output of the
Fabry-Perot Interferometer is directed at a photodiode so the incident spectrum is displayed
on an oscilloscope. Scanning an incident laser spectrum with the Fabry-Perot Interferometer
causes the output spectrum of the interferometer to be the convolution in the frequency
domain of the transfer function with the laser spectrum:

As described in [YAR85], the laser spectrum has got a Lorentzian shape:

S (f) = 2A • I_/---::'t',,-c---:-
laser (2n(f - f

O
))2 + (11 't'J2

(Eq. A-II)

(Eq. A-12)

in which A is the spectrum's amplitude and fo equals the frequency of the resonance peak..
Using this fonnula, the following relationship for the Full Width at Half Maximum (FWHM)
is found:

w =Il1t'tc

in which w is expressed in Hertz.

(Eq. A-13)

Rewriting (Eq. A-12) accordingly, gives an expression that is also used regularly to describe a
Lorentz spectrum:

S _ A w/2
laser(f)- n (2n(f - f o))2 +(W/2)2

A-4

(Eq. A-14)
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As shown in (Eq. A-4), the transfer function of the Fabry-Perot Interferometer is described by
an Airy function and therefore, the interferometer output spectrum will be the convolution
between a Lorentz and an Airy function. As values of 8 outside the Full Width at Half
Maximum, (FWHM) hardly contribute to this convolution, special attention will be paid to
the Airy function between the FWHM borders -81/2 and +81/2.

The FWHM of the Airy function in the frequency domain is given by (Eq. A-9). Using this
equation with the expression J=e/A and (Eq. A-5), results in the following expression for the
FWHM value 1i.81/2:

A I:" 41CJ11 cose 2(1- R) 2rr
LlUI12 = C Ii.fl/2 = .JR = F (Eq. A-15)

Therefore, as F typically exceeds 1000 for Fabry-Perot Interferometers, we are only interested
in very small values of 8 and replacing the term sin 2 (8/2) by 82/4 does not introduce errors

that are very large. The relative difference between the Airy curve and the Lorentz curve for 8
values ranging from -81/2 to +81/2, is shown in Figure A-3:
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Figure A-3. The approximation error between the Airy and Lorentz
function for values of 8 within the FWHM range, for R=O.80.

This curve shows that within the range of interest and for a value of R=0.80, the maximum
error introduced by the approximation does not exceed 0.25%. For higher values of R this
deviation between the two functions is even less.

The conclusion from these theoretical considerations is that both the laser spectmm and the
Fabry-Perot Interferometer's transfer function can be described by a Lorentz function.
Therefore, from (Eq. A-ll) it can be concluded that the Fabry-Perot Interferometer output
spectrum is equal to the convolution of two Lorentzian spectra. In the time domain this is
equal to multiplying two exponential functions because the time domain representation of a
Lorentzian curve is given by:

F ( ) - A -Wore
Lorentz t - e

A-5

(Eq. A-16)
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Multiplication of these two exponential curves in the time domain, again gives an exponential
function which, after transformation, results in a Lorentz distribution in the frequency
domain.

In other words, the output spectrum of the Fabry-Perot Interferometer is also given by a
Lorentz distribution. The width of this output spectrum is equal to the width of the spectrum
of the laser source plus the width of the peak in the Fabry-Perot Interferometer spectrum. So
in order to obtain accurate values for the measured linewidth, the width of this latter
interferometer peak has to be subtracted from the measurement results.

Another important consideration which has to be taken into account when using a Fabry
Perot Interferometer as an optical scanning device, is that the linewidth of the laser has to be
larger than the bandwidth of the Fabry-Perot Interferometer but smaller than the Free Spectral
Range:

~~/2,FP1 < ~~/2,1aser < FSR ·).?tc (Eq. A-I?)

If this condition is not satisfied and the Fabry-Perot Interferometer linewidth is larger than the
laser linewidth, the scanning resolution will be too small. Also, if the Free Spectral Range (in
nanometers) is smaller than the laser linewidth, the laser spectrum will be scanned with two
peaks at a time which will give ambiguous results. One of the consequences of this last
requirement is that a Fabry-Perot Interferometer can only be used to measure linewidth
broadening (chirp) of the laser spectrum as long as its linewidth does not exceed this Free
Spectral Range.

A-6
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Appendix B. Theoretical Derivation of the Ideal BER Curve

t(8

The photodiodes used in optical receivers add noise to the received signal which will cause
detection errors, especially at low signal powers. This receiver noise stems from various
sources but is mainly caused by thermal and quantum effects. The thermal effect causes
thermal noise which is found in every photodiode, whereas the quantum effect causes shot
noise which is proportional to the detected optical power.

A representation of the optical signal received by a photodiode in an optical receiver, is
shown in Figure B-1 together with the Gaussian distribution of a received logical "1" and a
logical "0":

Time Probability

Figure B-1. The receiver signal as a function of time, together with
the Gaussian probability distributions of a logical "1" and a logical "0".

In the left hand of Figure B-1, an example of the receiver signal as a function of time is
showed. The right hand of the figure shows the Gaussian probability distributions of a logical
"1" and a logical "0". The dashed region shows the probability of incorrect detection and is a
measure for the BER.

As can be seen in the figure, due to receiver noise, the receiver current will fluctuate around
levels 10and I] with a Gaussian probability distribution having a variance of &- = &-T + &-s
due to thermal and shot noise in the receiver.

If the received signal amplitude is larger than the decision level h a "1" will be detected and
for signals below the decision level it is assumed that a "0" was sent. Receiver noise will
cause errors when the deformed signal levels lie below Id although a "1" was sent or when the
current value is higher than I d although a "0" was sent.

B-1
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The error probability or BER can therefore be described by the following equation:

BER =p(I)P(OII) +p(O)P(IIO)

t(8

(Eq. B-1)

in which P(OII) denotes the probability of detecting a "0" after having sent a "I", P(110)
denotes the probability of detecting a "I" after having sent a "0", p(1) is the probability of
sending a "I" and p(O) the probability of sending a "0". The BER described (Eq. B-1)
coincides with the dashed region in Figure B-1.

As we increase the optical attenuation, the detected optical power will decrease and so will
the signal levels I} and 10• The result of this increase in attenuation is that the two Gaussian
distributions will move closer, the dashed region will be larger and the BER will increase.

Because in most data communication systems the chance of receiving a "0" and the chance of
receiving a "I" both equal 1/2, the equation p(O) =p(1) = 1/2 can be substituted (Eq. B-1)
which results in:

BER =112· [P(OII) + P(110)] (Eq. B-2)

The probability density functions of a logical "0" and" 1" are given by a Gaussian distribution
with averages 10 and I} and variances 020 and 02} respectively. These distributions differ for
both signal levels, not only in the averages 10 and I} but also in the variances 020 and 02}.
These variances differ because they depend on both the thermal and shot noise in the receiver
and the latter one, in its turn, depends on the received optical power. In other words, detecting
a "I" will result in a higher amount of shot noise than detecting a "0". Consequently, el} will
be larger than el0 and the two probability density functions will be different. Hence, P(OII)
and P(110) are given by:

1 J

D [U- I)2} 1 (I -I JP(OIl) = .J2ii fexp - ~ 1= -erfc 1.A
0'1 2Tr _~ 20'1 2 0'\ 2

1 f~ [(/-Io)2} 1 (I -IJP(l/O) = .J2ii exp - 2 1 = -erfc D..fi0
0'0 2Tr J

D
20'0 2 0'0 2

where erfc stands for the complimentary error function, defined as:

2 ~

erfc(x) = c fexp(-y2)dy
..;Tr x

By substituting (Eq. B-3) and (Eq. B-4) in (Eq. B-2), the BER is given by:

B-2

(Eq. B-3)

(Eq. B-4)

(Eq. B-5)

(Eq. B-6)
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The decision threshold I D is chosen as to minimize the BER and is such that:

This reduces the BER to:

1 ( Q J exp(-Q2/2)
BER =- eifc - := ---'--==---'-

2 ..fi Q.J21C

tiB

CEq. B-7)

CEq. B-8)

This approximation is reasonably accurate for Q>3 and for Q equal to 3, it causes a deviation
of 9.44 percent.

After rewriting CEq. B-7), Q is given by:

and finally, it is apparent that the BER is given by

1 (1 II - 10 JBER = - eifc r;:;'
2 "1/2 c:TI+c:TO

CEq. B-9)

CEq. B-1O)

With this fonnula, theoretical BER curves can be drawn and Gaussian fits of measured BER
data can be made.

Usually, BER measurements are made as a function of input power and therefore, CEq. B-1O)
has to be rewritten and a relationship between the optical input power and the eye opening
should be substituted. First of all, the equation is rewritten:

CEq. B-ll)

Then, the following fonnula for the input power should be substituted:

CEq. B-12)

This fonnula is based on the assumption that ones and zeroes are transmitted with equal
probabilities. Substitution of CEq. B-12) in CEq. B-ll) gives the following result:

CEq. B-13)

B-3
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From this equation, a number of conclusions can be drawn.

t(8

First of all, it is clear that the BER is not only a function of the optical input power, but also
I -I

depends on the factor I I 10
• This factor is equal to the modulation index of the applied data

1+ 0

signal and therefore, it is seen that for equal input powers, the modulation scheme that gives a
high modulation index, results in a low BER.

Second, because of the dependence on the modulation index, different BER curves are
obtained in setups with different modulators having different modulation indexes. For
example, for low modulation indexes the input power has to be increased to obtain the same
BER. Therefore, a change in modulation index at a constant input power, results in a shift of
the curve along the input power axis and, consequently, in a power penalty.

Power penalties are not only caused by different modulation indexes, but also by other
sources of noise which are not included in the formula shown previously. In this report, this
additional noise is denoted as non-Gaussian noise and it is assumed that this noise probably
stems from the external modulators that are used in the different setups. This non-Gaussian
noise might be caused by reflections in the modulators, dependence of the modulator
parameters on variations in time or temperature and variations in the power supplies or in the
modulation signals. Therefore, the measured BER curves also show the amount of non
Gaussian noise that is caused by an external modulator in a particular setup.

The different modulation indexes only cause a shift of the BER curves and result in a power
penalty that is independent of the received optical power. The non-Gaussian noise sources
that were mentioned before, do not necessarily cause a constant power penalty and therefore,
these noise sources might severely deform the BER curve. To separate these two totally
different effects and observe the degradation of a BER curve due to non-Gaussian noise only,
it is sensible to correct the measured BER curves. The correction is done by drawing the BER

I -I
curves as a function of I I + 1

0
• P;n' which is equal to (lrIo)/2, or half the eye opening.

I 0

By doing this correction, the BER curves that are obtained with different modulators should
be independent of the modulation index and theoretically, they should be equal. Therefore, in
a practical situation, the deviations between the measured curves are caused by the non
Gaussian errors and the resulting degradation of the BER curves is visible.

Correction ofthe measured data

For a fair comparison of the different BER curves for several types of modulation, it is
I -I

necessary to correct the measured BER curves by including the modulation index II 1
0

• P;n
I + 0

in the calculations. This can be done by replacing the latter term in (Eq. B-13) by the variable
*Pin:

BE'D 1 ( 2 P;: Jl\. = -eifc r;::; •
2 "0/2 <11 + <10

B-4

(Eq. B-14)
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Theoretically, when drawn as a function of P*in, all BER curves for different types of
modulation should be the same.

In practice, the BER curves are measured as a function of Pin instead of P*in and therefore,
these curves have to be corrected according to the relationship:

(Eq. B-15)

Because the corrected BER curves are displayed as a function of 1O lOlog (P*;n), correction of
the measured curves is done according to the following relationship:

10 (11 -10 JIn other words, for every measured value of the BER, a value of 10 log II + 1
0

added to the appropriate input power.

(Eq. B-16)

should be

Proceeding according as described above, should theoretically result in BER curves that are
the same for each type of modulation. Deviations between the curves are caused by non
Gaussian noise. Whatever the causes of this noise is, it does not necessarily depend on the
input power levels. When the input powers are lowered, the BER increases due to the receiver
noise and the non-Gaussian errors drown in the increasing amount of Gaussian errors. At high
input powers, errors due to the receiver noise are few and the non-Gaussian noise
substantially increases the BER. Consequently, at low input powers, the BER curves are the
results of Gaussian noise only and corrected BER curves should coincide.

However, because of measurement inaccuracies, the measurement results are not completely
conform the theory described above and fitting (Eq. B-14) to the measured data will probably
result in a deviation error. During fitting, the unknown receiver noise arao is chosen as a
fitting parameter. The optimal value of arao is calculated in such a way that the deviation
between the measured values and the theoretical curve is at a minimum and optimizing the
method of measurement is aimed at minimizing this deviation.

B-5
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Appendix C. Decorrelation of optical signals

tlB

From electromagnetic theory it is known that the electromagnetic waves that are emitted by a
source, remain in phase with one another over a distance ie which is called the coherence
length. In optical systems this means that after having propagated over a distance ie, the
optical signals emitted by a laser source are out of phase or in other words, they are
decorrelated or decoherent waves.

The coherence length described previously is related to the delay time 'rd which is defined as
the time that is needed for an electromagnetic wave to travel the coherence length. On the
other hand, as is shown below, this delay time is also related to the coherence time 're and to
the spectral width w of an emitted laser beam.

As was shown in Appendix A, the laser spectrum can be described by the following formula:

F ( ) - A -lri lTcLorentz t - e (Eq. A-16)

in which 're equals the coherence time. In the frequency domain the spectrum can be written
as:

A w/2
Slaser (f) = -; (277:(f _ fO))2 + (w / 2)2

(Eq. A-14)

In the previous formula, w denotes the FWHM in Hertz of the laser spectrum and is related to
the coherence time through (Eq. A-13): w = l/1t'tc (Eq. A-13)

In [LEN96], it is stated that the delay time 'rd during which an optical signal should travel in
order to be decoherent, should be four times as large as the coherence time 're of the optical
signal. In other words: 'rd =4're• The time 'rd is needed to travel the fiber with length Ie with a
speed vf, or: 'rd =Ie / vf. In this formula, vf denotes the propagation speed in the fiber which is
equal to the ratio of the free space speed of light and the refractive index: vf= c/n.

C'rd 4c'rcTherefore, the coherence length ie, can be written as: I ----- and together with
C - n - n

(Eq. A-13) ie can finally be written as:

I =~
C nnw

(Eq. C-1)

As can be seen in this formula, a laser spectrum with a small FWHM has the longest
coherence length. In the laboratory setup, the optical signal having the smallest linewidth is
emitted by the TLS which has a specified linewidth smaller than 100 kHz. Therefore, the
maximum fiber length that has to be used to decorrelate the optical signal equals:

i = 4.3.0.10
8

c,max 77:.15.100.10 3
2.5 km.

C-1
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Appendix D. BER Measurements of Various DWDM System
Setups

t(8

In the following tables, the uncorrected results of the BER measurements for the different
setups shown in chapter four, are given.

Tabel D·I. BER values measured
using the back-to-back setup.

Pin (in dBm) BERB2B

-28.8 1.2.10-13

-29.3 5.6.10-12

-29.8 6.5·10'11

-30.3 4.6·10'10

-30.8 2.7.10-9

-31.3 1.3.10-8

-31.8 5.4·10'8

-32.3 2.1.10-7

-32.8 7.3.10-7

-33.3 2.3·10'6

-33.8 7.2'10'6

-34.3 2.1·10'5

-34.8 5.3.10-5

-35.3 1.3.10-4

-35.8 2.8.10-4

-36.3 5.8.10-4

-36-8 1.2·10'3

-37.3 2.2·10'3

-37.8 3.8.10-3

D-1

Tabel D-2. BER values measured
using the setup with the MZI modulator.

Pin (in dBm) BERMZI

-28.7 9.8.10-13

-29.2 4.2.10-12

-30.1 9.0·10'11

-31.1 1.6.10-9

-32.1 2.6.10-8

-33.2 3.1.10-7

-34.2 3.1.10-6

-35.2 2.4.10-5

-36.2 1.5.10-4

-37.2 7.5·10-4
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Tabel D-3. BER values measured using
the setup with the first EA modulator.

Pin (in dBm) BEREAL1

-26.5 6.6.10-12

-27.5 3.6.10-11

-28.5 2.7.10-10

-29.5 2.6.10-9

-30.5 2.8.10-8

-31.5 2.6.10-7

-32.5 1.9.10-6

-33.5 1.2.10-5

-34.5 5.9.10-5

-35.5 2.6.10-4

-36.5 1.0.10-3

D-2

Tabel D-4. BER values measured using
the setup with the second EA modulator.

Pin (in dBm) BEREAL2

-20.0 2.8.10.12

-21.0 5.4.10.12

-22.0 1.6.10.11

-23.0 4.7.10.11

-24.0 1.2.10.10

-25.0 4.0.10.10

-26.0 1.5.10-9

-27.0 7.7.10.9

-28.0 4.8.10-8

-29.0 2.8.10.7

-30.0 1510-6

-31.0 6.9.10-6

-32.0 3.1.10.5

-33.0 1.2·10-4

-34.0 4.1·10-4

-35.0 1.3.10-3

-35.5 2.2.10.3
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Appendix E. Characterization of the Demultiplexers

In this appendix, the characteristics of the two DWDM demultiplexers are summarized.

t18

First, for each optical channel, the crosstalk level with each neighbour channel is given. The
first table gives the parameters for the device that is labeled "multiplexer", the second table
shows the parameters for the device that is labeled "demultiplexer".

The third table shows the channel center wavelengths and the channel widths (FWHM) for
the two demultiplexers.

Tabel E-l. The crosstalk levels in the optical filter labeled "multiplexer".

crosstalk from compound
1 2 3 4 5 6 7 8 crosstalk

1 x 23.4 - - - - - - 23.4

2 25.6 x 28.3 - - - - - 23.7

3 - 31.5 x 22.2 - - - - 21.7

to 4 - - 21.5 x 32.4 - - - 21.2

5 - - - 19.7 x 16.8 - - 15.0

6 - - - - 14.9 x 21.9 - 14.1

7 - - - - - 18 x 15.4 13.5

8 - - - - - - 15.2 x 15.2

Tabel E-2. The crosstalk levels in the optical filter labeled "demultiplexer".

crosstalk from compound
1 2 3 4 5 6 7 8 crosstalk

1 x 21.6 - - - - - - 21.6

2 21.5 x 22.2 - - - - - 18.8

3 - 16.5 x 19.0 - - - - 14.6

to 4 - - 20.9 x 16.8 - - - 15.4

5 - - - 17.9 x 17.2 - - 14.5

6 - - - - 18 x 12.1 - 11.1

7 - - - - - 10.9 x 14.0 9.17

8 - - - - - - 14.1 x 14.1

E-1
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Tabel E·3. Central wavelength and FWHM of the available demultiplexers.

tlij

Multiplexer Acentral (in nm) FWHM (in nm) Demultiplexer Acentral (in nm) FWHM (in nm)
Channel # Channel #

1 1549.32 1.00 1 1549.32 1.25

2 1550.97 1.20 2 1550.92 1.05

3 1552.62 1.20 3 1552.57 1.25

4 1554.18 1.25 4 1554.18 1.10

5 1555.80 1.15 5 1555.80 1.35

6 1557.46 1.30 6 1557.41 1.20

7 1559.08 1.15 7 1559.03 1.40

8 1560.76 1.35 8 1560.76 1.35

E-2
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Appendix F. BER Degradation Due to Linear Optical Crosstalk

In this appendix, the BER measurements that were made in Chapter 5 are summarized. The
first table refers to the increase in BER due to crosstalk. The second table summarizes the
BER of a received signal when no crosstalk signal is present whereas the third table contains
the BER of a signal degraded by crosstalk.

Tabel F·l. The BER as a
function of the crosstalk level.

R (in dB) BER

-30.0 l.4·lO- lD

-14.3 3.9.10-10

-10.6 2.4.10-9

-9.51 6.7.10-9

-7.85 4.8.10-8

-6.60 3.0.10-8

-5.58 1.7.10-6

-4.73 7.7.10-6

-3.98 3.0.10-5

-3.32 1.1.10-4

-2.72 3.4.10-4

-2.17 1.1.10-3

Tabel F-2. The BER as a
function of input power without

crosstalk.

Pin (in dBm) BER

-35.9 4.0.10-4

-34.8 7.3.10-5

-33.8 9.8.10-6

-32.8 9.4.10-7

-31.7 5.9.10-8

-30.7 2.1.10-9

-29.6 3.9.10-11

-28.6 4.0.10-13

F-1

Tabel F-3. The BER as a
function of input power with a

crosstalk level of 9.2 dB.

Pin (in dBm) BER

-35.7 5.0.10-4

-34.7 9.7.10-5

-33.6 1.4.10-5

-32.6 1.5.10-6

-31.6 1.1.10-7

-30.5 4.4.10-9

-29.5 1.0.10-10

-28.5 2.4.10-12
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ASE:

BER:

DFB:

DMUX:

DWDM:

EA:

E/O:

FMS:

FPI:

FSR:

FWM:

FWHM:

IM-DD:

ITU:

LSA:

MZI:

OADM:

PMD:

PMF:
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SDH:

SMSR:

SNR:

SOP:

Amplified Spontaneous Emission

Bit Error Ratio

Distributed Feedback

Demultiplexer

Dense Wavelength Division Multiplexing

Electro-Absorption

Electrical-to-Optical

Fractional Mode Splitting

Fabry-Perot Interferometer

Free Spectral Range

Four Wave Mixing

Full Width at Half Maximum

Intensity Modulation with Direct Detection

International Telecommunication Union

Lightwave Signal Analyzer

Mach-Zehnder Interferometer

Optical Add/Drop Multiplexer

Polarization Mode Dispersion

Polarization Maintaining Fiber

Stimulated Brillouin Scattering

Synchronous Digital Hierarchy

Side Mode Suppression Ratio

Signal to Noise Ratio

State Of Polarization
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