
 Eindhoven University of Technology

MASTER

Study on the transportation of management signals in a WDM network

Ariens, J.R.L.C.

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/170738f8-ab53-47e8-ab79-b73a4f855225


EINDHOVEN UNIVERSITY OF TECHNOLOGY
DEPARTMENT OF ELECTRICAL ENGINEERING

Telecommunication Technology and Electromagnetics
Electro optical Telecommunications Group

Study on the transportation of management
signals in a WDM network

J.RL.C. Ariens

Report of an internship conducted at Lucent Technologies Network Systems, Forward Looking Work
Department in the period September 1997 - May 1998.

Supervisors:
Ir. lC. van der Plaats
Dr. ir. H. de Waardt
Prof. Jr. G.D. Khoe

The Department of Electrical Engineering of the Eindhoven University ofTechnology is not
responsible for the contents ofgraduate reports.



Table of Contents

Summary 3

Table ofContents 4

1 Introduction 6

1.1 Five generations of lightwave systems 6

1.2 Management and control 7

1.3 TOBASCO project 8

2 TOBASCO project 9

2.1 TOBASCO objectives 9

2.2 Network Architecture 10
2.2.1 Wavelength selection 10

2.3 Optical Network Unit 12

2.4 Optical Network Devices 13
2.4.1 The Coarse WDM (CWDM) 13
2.4.2 ONU Multi wavelength receiver: 14
2.4.3 The TOBASCO lasers: 14

3 Modelling the physical layer 15

3.1 The Lightwave system of the TOBASCO project 15

3.2 Multiplexing two signals in a fiber 16

4 Noise sources 17

4.1 Receiver shot noise 17

4.2 Receiver thermal noise 18

4.3 Laser Relative Intensity Noise (RIN) 18

4.4 Amplifier noise 19

4.5 Interference from other signals 20
4.5.1 Interference from the data-signals with the management signal 20
4.5.2 Interference from the management-signal with the data-signal 22

4.6 Summary Noise Sources 23

5 Petformance 24

5.1 Bit-Error Rate ofone signal 24

5.2 Direct Detection modulation scheme ofthe management signal 26
5.2.1 BER management signal 26
5.2.2 BER data signal 27

5.3 ASK modulation scheme of the management signal 28
5.3.1 BER management signal 29
5.3.2 Simulation results 32
5.3.3 BER data signal 33
5.3.4 Simulation results 35

4



5.4 The performance of management communication in a WDM network 36

6 Transceiver design 39

6.1 Optical transmitter 39
6.1.1 Clock frequency 41

6.2 Optical receiver 41
6.2.1 Front end 41
6.2.2 Linear Channel 42
6.2.3 Data Recovery 43

7 Measurements 45-------------------------
7.1 Bit-Error Rate measurement ofthe management signal 45

7.1.1 Bit-Error-Rate coupled to the cell structure 45
7.1.2 Measurement set-up 46
7.1.3 Measurements results 47
7.1.4 Conclusions 49

7.2 Bit-Error Rate measurement ofthe data signal 49
7.2.1 Measurement set-up 49
7.2.2 Measurement results 50
7.2.3 Conclusions 53

8 Conclusions & recommendations 54

References 55

Appendix A) Layout ofthe optical RS232 transceiver 56

Appendix B) List ofsymbols and abbreviations 59

5



1 INTRODUCTION

A communication system transmits information from one place to another, whether separated by a few
kilometres or by transoceanic distances. Information is often carried by an electromagnetic carrier
wave whose frequency can vary from a few megahertz to several hundred terahertz.
Fiber-optic communication systems are lightwave systems that employ optical fibers for information
transmission. Such systems have been employed worldwide since 1980 and have revolutionised the
technology behind telecommunications. The lightwave technology, together with microelectronics, is
believed to be a major factor in the advent of the "information age".
Nowadays the performance of the lightwave systems is increasing rapidly. Not only the capacity or bit
rate increases, but the distance increases as well. A commonly used figure of merit for communication
systems is the bit rate-distance product, BL, where B is the bit rate and L is the repeater spacing. In
Figure 1-1 we can see the development of the lightwave systems over the last years. Section 1.1 gives a
historical perspective on the development of optical communication systems.
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Figure 1-1 Progress in lightwave communication technology over the period 1974-1996. DitTernt
curves show increase in the bit rate-distance product BL for five generations of fiber-optic

communication systems.

With the development oflightwave systems the control and management systems develop as well. The
lack of standardisation leads to a large diversity of solutions and discussions on how to implement
these tasks in the total network. In section 1.2 we discuss several options.

1.1 Five generations of lightwave systems
The commercial deployment oflightwave systems followed the research closely. After many field
trials the first generation lightwave systems operating near the 0.8Jlm became available commercially
in 1980. They operated at bit rates of45 Mb/s and allowed a repeater spacing of about 10 km. The
larger repeater distance was an important motivation for system designers, as it decreased the
installation and maintenance costs associated with each repeater.
It was clear during the 1970s that operating the lightwave system in the wavelength near 1.3 Jlffi could
increase the repeater spacing, where fiber loss is below 1 dB/km. Furthermore, optical fibers exhibit
minimum dispersion in this wavelength region. The second generation of fiber-optic communication
systems became available in the early 1980s, but the bit rate of early systems was limited below 100
Mb/s because ofdispersion in multi-mode fibers. This limitation was overcome by the use of single-
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mode fibers. By 1987 the second-generation 1.3 J.Ulllightwave systems, operating at bit rates up to 1.7
ObIs with a repeater spacing of about 50 kIn, were commercially available.
The repeater spacing of the second-generation lightwave systems was limited by the fiber loss at the
operating wavelength of 1.3 J.Ull (typically 0.5 dB/km). The loss of silica fibers is minimum near 1.55
Ilm. However the introduction of third generation lightwave systems operating near 1.55 Ilm. was
considerably delayed by large fiber dispersion near 1.55 Ilm. The dispersion can be overcome either by
using dispersion-shifted fibers designed to have minimum dispersion near 1.55 Ilm or by limiting the
laser spectrum to a single longitudinal mode. Both approaches were followed during the 1980s. Third
generation 1.55 J.Ull systems operating at 2.5 ObIs became available commercially in 1990.
The fourth generation of lightwave systems makes use of optical amplification for increasing the
repeater spacing and of wavelength-division multiplexing (WDM) for increasing the capacity. In such
systems, fiber loss is compensated periodically by using erbium-doped fiber amplifiers (EDFA) spaced
60-100 km apart. Such amplifiers were developed during 1980s and became available commercially by
1990. This system appeared to be feasible for intercontinental communication. By 1996, not only
transmission over 11,300 km at a bit rate of 5 ObIs had been demonstrated by using actual submarine
cables, but a commercial transpacific cable (TPC-5) also became operational. Clearly the fourth
generation systems have revolutionised the state of art of the lightwave systems.
The current emphasis of fourth-generation lightwave systems is on increasing the system capacity by
transmitting multiple channels through the WDM technique. Optical amplifiers are ideal for multi
channel optical transmission since all channels can be amplified simultaneously without requiring
demultiplexing of individual channels. Despite the use of dispersion-compensation schemes, dispersive
effects limited the total transmission distance to about 600 km. Commercial WDM operating at a bit
rate up to 40 ObIs were available by the end of 1996.
The fifth generation of fiber-optic communication systems is concerned with fmding a solution to the
fiber-dispersion problem. Optical amplifiers solve the loss problem but, at the same time, make the
dispersion problem worse since the dispersive effects accumulate over multiple amplification stages.
An ultimate solution is based on the concept of optical solitons, optical pulses that preserve their shape
during propagation by counteracting the effect of dispersion through the fiber non-linearity. In 1996
soliton transmission over 9400 kIn was demonstrated at a bit rate of 70 ObIs by multiplexing seven 10
ObIs channels.
Even though the fiber-optic communication technology is barely two decades old, it has progressed
tremendously.

1.2 Management and control
Important parts of a communication network are the management and control functions. When we look
at the different functions we have to make a distinction between two different types ofcontrol:

• management and control of the data (information);
• management and control of the network.

For example, when we look at a telephone call, the telecommunication network has to detect the
request for a telephone call. Further the call has to be routed to the receiver and eventually ended.
Besides this tasks the management and control functions have different administration tasks for billing
and statistics.
Another task of the management system is to monitor and maintain the state of the network. Laser
temperatures have to be monitored and eventually adjusted, wavelengths have to be reallocated (see
section 2.2.1).
There are many different ways to transport the management information. When we look at ATM-cells,
part of its capacity is reserved for management signal. In ISDN a special channel is reserved for
signalling called the D-channel.
When it is not possible to use part of the capacity of the data signal for management communication,
we have to look for new options. In Figure 1-2 we see three different options. A simple solution of
course is to use a different network for the optical management. A disadvantage of this option is that it
is very expensive.
So it is very interesting to know ifthere are possibilities of using the same network for management
communication. As we have seen in section 1.1 we can use a different wavelength to arrange the
management communication.
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Another option and this option is discussed in this paper, is that we try to electrically multiplex two
signals using the same wavelength.

A)

management

OA

o-----..
p

p

management

B)
A. + management

o-----..
N p

Figure 1-2 Solutions for the transportation of management. a) Transportation of management
using a special network. b) Transportation of management using a different wavelength or a

multiplexing technique in the electrical domain.

1.3 TOBASCO project
In Europe several companies are trying to fmd solutions to upgrade a CATV network to an interactive
high capacity network. They combined their research activities in as project sponsored by the European
Commission, called TOBASCO.
In Chapter 2, the TOBASCO project and the way in which the new network offers high capacity
interactive services will be explained.
As explained in the former two paragraphs the development in capacity and services ofoptical
networks demands better management and control protocols. As we will see the wavelength selection
can take place in this project. The management signals for the switching of the wavelength and
temperature control of the lasers is exchanged using the RS232 protocol.
This report discusses a way to transport these management signals over the existing network. In
Chapters 3 to 5 a model is presented in which the penalty of combining the management and data
signals is calculated.
In Chapter 6 the theory is implemented in a transceiver for the management signal. The design of this
transceiver is discussed and the basic principles are explained.
In a measurement set-up the performance of the data and management signals are measured. The
results are discussed in Chapter 7.
Finally we will give a short review, in which the whole model is evaluated.
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2 TOBASCO PROJECT

The TOBASCO project is a European project sponsored by the European Commission [1]. The
objective is to upgrade existing CATV-networks to a high capacity interactive network. This chapter
describes the TOBASCO project objectives and gives an overview ofthe network architecture and
components.

2.1 TOBASCO objectives
Today's CATV headend stations are feeding distributive services to large numbers of subscribers
(>1000) in a network with abundant splitting. The introduction of interactive services in such a network
is hampered by the limited bandwidth and addressing space of conventional TDMA/SCMA techniques.
Until now, only narrowband interactive services can be carried; larger bandwidths per subscriber would
require broadband switching and concentration functions to be installed closer to the subscribers. This
would affect the network topology and complicate maintenance and operational aspects, resulting in
high costs.

The scope of the TOBASCO (TOwards Broadband Access Systems for CATV Optical networks)
project is to extend the interactive services to larger bandwidths (~2 Mbit/s) by applying High Density
Wavelength Division Multiplexing (HDWDM). With HDWDM, a large subscriber group can be
partitioned into smaller groups, each characterized by a specific wavelength; TDMA/CDMA
techniques offering peak rates of more than 2 Mbit/s per subscriber are used for addressing within these
groups. Using these techniques, the switching functions for these interactive services are concentrated
in the headend station, and the CATV network topology remains unchanged, both entailing significant
techno-economic advantages.

The objectives of the TOBASCO project are:
1. to develop a strategy for upgrading partly optical CATV networks for provisioning of interactive

broadband services to subscribers' homes;
2. to develop HDWDM system techniques which, in combination with Time Division or Sub-Carrier

Division Multiple Access techniques, offer the transport capacity for 2 Mbit/s or more
(ATMIEthernet-oriented) connection capability via a partly fiber, partly coaxial cable based CATV
network;

3. to develop strategies for flexible allocation of wavelengths, yielding an optimum Quality of
Service;

4. to develop cost-effective optical components for multi-wavelength signal generation and routing;
5. to demonstrate in a laboratory the technical feasibility of the physical layer of the system, in

combination with a limited network management and wavelength allocation control system;
6. to demonstrate the viability of the system in a field trial ofa commercial cable operator, in order to

show compatibility with ATMlEthernet-based broadband communication services and with CATV
services, and to perform user evaluation/acceptance studies with the commercial operator;

7. to contribute to standardization processes for (partly-) optical local access networks, in particular
for CATV networks.

The impact of the project will represent a significant advancement in the introduction of interactive
services in existing CATV networks. As an example of a promising area ofapplication, the growing
need of teleworkers to communicate with their industrial homebase may be considered. In an
"Ethernet-to-the-Home" situation, a broadband interface from the teleworker's PC to the office can be
created via the vast CATV local network infrastructure.

The main goal of the TOBASCO project is to identify and demonstrate in a practical environment an
approach to upgrade CATV networks for the transport of interactive broadband services to and from
the subscribers' homes. A similar approach will be valid to upgrade other non-CATV networks with
high network-splitting factors.
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2.2 Network Architecture
As starting point for identifying strategies for interactive broadband services upgrades ofCATV
networks, existing CATV networks using optical fiber feeder links will be investigated. A typical
example of such a system is shown in Figure 2-1; this type of system is being installed in the OPAL
project in eastern Germany. Typical splitting factors are N=8 in the LSC (Local Splitting Center, which
is installed in the field) and P= 16 in the last optical part of the network. The number of houses
connected to the optical network unit (ONU) via the coaxial access network varies considerably; a
realistic number for modem CATV Fiber-to-the-Curb networks is 12-40 homes (e.g., quoted by
Bellcore, OFC'95). Thus some 1536-5120 homes are served with CATV broadcast signals via a single
fiber from the headend (HE).

Headend

1

N

Local Splitting
Centre

Figure 2-1 Optical distribution network.

p

Optical
Network
Unit

The basic approach in the TOBASCO project is to apply multiple wavelengths to partition the large
group of subscribers in a CATV network; each wavelength is used to carry the bi-directional broadband
traffic of a part of the subscriber group. For instance, when N=8 wavelengths are used, each
wavelength can handle P= 16 ONUs corresponding to 192-640 subscribers.

The traffic for the subscribers may differ in its characteristics; this project will pay special attention to
the packet-wise ATM characteristics. With a peak bit rate of2 Mbit/s per subscriber, an Erlang
distributed traffic density of 60 mE, and a blocking probability of less than 0.6%, 40 subscribers per
ONU would allow a concentration factor of 5.7 in the ONU and thus an average bit rate of225 Mbit/s
per wavelength; 12 subscribers allow a concentration factor of3 only, implying 107 Mbit/s per
wavelength.

The advantages of this approach are:
• Very-high-speed TDMA protocols with associated complicated ranging problems are avoided.
• The maintenance of the network is facilitated; e.g., by doing fault location on a specific

wavelength, the associated part of the network can be scanned with more detail than if only a
single wavelength for the total network would be available.

• The IS (Interactive Services) signals will be carried together with the CATV signal in the optical
network.

2.2.1 Wavelength selection
Figure 2-2 shows that wavelength selection takes place at the ONUs. The splitter in the LSC
distributes, besides the CATV signal at 1..0, all interactive wavelengths AI to AN to all ONUs. Each
ONU is preferably equipped with a wavelength-selective receiver and transmitter, where selection is
achieved by switching to the appropriate wavelength(s). As the receiver of each ONU, as well as the
transmitter, may be switched to process one or more wavelengths, a very flexible wavelength
assignment to the ONUs can be obtained, allowing dynamic capacity assignment (bandwidth on
demand). Multiple wavelengths may be received and/or transmitted in an ONU by using a wavelength
selective receiver array and a multi-wavelength laser diode array. Wavelength switching is achieved
via the network control circuit, managed by the headend. Thus an optimum allocation of bandwidth
capacity to the ONUs can be realised. When upgrading from the CATV network in Figure 2-1, the only
items to be replaced in the field are the optical amplifiers (OAs) in the LSC, which have to be replaced
by bi-directional ones.
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Figure 2-2 Wavelength selection at the ONUs.

An evolutionary path towards the full wavelength-flexible IS ONU is envisaged, following a number of
options for the ONU as illustrated by Figure 2-3. These options may coexist in the same network
without compatibility problems. Initially, when introducing the multi-wavelength interactive signals in
the network, in those ONUs still needing only CATV broadcast signals the distributive ONU can
remain in place, and only a wavelength-blocking filter to suppress the interactive wavelengths is
needed (Option 0). Those ONUs wishing broadband interactive services can be upgraded by simply
adding a HDWDM splitter/combiner (to decouple interactive and distributive services), and the multi
wavelength IS ONU part. ONUs that do not need a re-arrangable downstream or upstream capacity,
can be equipped with a fixed-wavelength laser transmitter and fixed-wavelength receiver (Option I),
respectively. ONUs needing the full wavelength flexibility can employ the wavelength-switchable laser
array and receiver array (Option 2). In this way, a graceful evolution towards the full wavelength
flexible broadband IS system is possible.

~ -control
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Rx
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IS&DS ONU
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Figure 2-3 Upgrading of the ONU towards flexible provisioning of interactive services.
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For the overall system the wavelength allocation has been specified; four wavelengths for the
interactive upstream transmission of the interactive services, and four wavelengths carrying the
interactive downstream traffic. An additional wavelength has been allocated for the distribution of the
CATV signal. The wavelength allocation is shown in Figure 2-4.

coars~ J'JCivl niter

downstream IS

A1 A3 AS "J....r

1535 540

/

CATV

- A(nm)

Figure 2-4 Wavelength allocation for the TOBASCO system.

The four wavelengths carrying interactive services to the subscriber are specified as 1535.04, 1536.61,
1538.19, 1539.77 nm. The wavelengths for the interactive services from the subscriber to the Headend
are 1535.82, 1537.40, 1538.98 and 1540.56 nm. Note that we are conforming to the international
consensus of wavelength spacings of multiples of 100 GHz relative to the Kr-line at 1547.824 nm,
which is in line with current standardization proposals (IEC TC86). The up- and downstream
wavelengths are interleaved to minimize the amount of spectrum consumed. The distributive
wavelength A.o for CATV distribution is to be located between 1550 and 1560 nm, to obtain maximum
output power of the Erbium-doped optical amplifiers.

2.3 Optical Network Unit
The Optical Network Unit (OND) has the following functions: to split off the CATV signal using a
CWDM and feed this to an analogue CATV receiver already developed. The (remaining) IS signals are
fed to a wavelength-switchable receiver. The upstream IS signal is generated at the selected wavelength
by the wavelength-switchable transmitter. A network control circuit will take care of selection of the
proper wavelength for both the transmitter and the receiver.

The wavelength switching speed is specified to be faster than Ims between the four wavelengths. The
optical transmitter has to be a low-chirp, high-output-power device with internal optical isolation.
Wavelength tuning is accomplished by laser temperature tuning. Because the ONU may have to
operate in uncontrolled environmental conditions, it should be able to operate at an ambient
temperature between 0 °C and 60°C. The wavelength receiver should be able to receive at least one of
the downstream wavelengths. Its adjacent cross-talk should be better than 25 dB, and its sensitivity
better than -32 dB at 622 Mbitls. The CATV receiver, like the transmitter, will be procured from
outside the project.

On the coaxial medium standard protocols such as ATM forum 25.6 Mbitls ATM or Ethernet will be
used as far as possible. The upstream frequency range reserved for interactive services on the coax is
between 20 and 30 MHz. State-of-the-art Medium Access protocols like CDMA or S-CDMA will be
used by the cable modems. The downstream information is QAM-64 modulated and transported
between 450 and 470 MHz. The capacity per subscriber for the interactive services should be at least
2 Mbitls peak rate. CSO, CTB and CNR levels of the analog CATV channels at the subscriber
premises, will have to be better than -60 dBc, -60 dBc and 45 dB, respectively.

As mentioned before, for provision of the interactive services, TOBASCO will build on equipment
developed in an earlier RACE project, i.e., R2024 BAF. As the BAF equipment uses the 1.3 Jlm
window for transmission, the optical part of the BAF-ONU has been replaced by a new 1.5 Jlffi
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switchable multi-wavelength optical board. Figure 2-5 shows a more detailed view of the TOBASCO
OND without the CWDM.

Rx

to Coarse
WDM

89CE558 Micro Controller System for Temperature
Control, Wavelength Selection and Management

- Fiber

Figure 2-5 TOBASCO ONU without CWDM.

RS-232
to

NM&C

The non-shaded blocks in this figure indicate the electronic functions that have been designed and
realised:
• 4 downstream receivers at 622 Mbit/s for each of the 4 photodiodes of the monolithic multi

wavelength photodetector. These receivers use transimpedance amplifiers and clock and data
recovery chips by MAXIM.

• 4 optical burst-mode transmitters at 622 Mbit/s operating at the 4 upstream wavelengths. These
transmitters use a 622 Mbit/s laser driver chip.

• A high-speed electrical switch to select one of the received wavelengths.
• A high-speed electrical switch to select one of the optical transmitters operating at the right

wavelength for the upstream burst-mode data.
• A single-chip 8-bit micro controller system (Philips 89CE558) for temperature control of the

monolithic multi-wavelength receiver, the 4 burst-mode upstream transmitters and the HDWDM
which multiplexes all 4 transmitters, for switching the up- and downstream wavelengths, for
adjustment and storage of laser bias and modulation current settings using EEPOTs and to interface
with the NM&C system via a RS-232 interface. The firmware for this micro controller will be
written in C using an 8051 cross-compiler from Franklin.

2.4 Optical Network Devices

2.4.1 The Coarse WDM (CWDM)
High-performance optical filters (CWDMs) are being used to separate the CATV from the IS signals.
The role ofthis device is to separate the IS wavelengths, e.g. eight wavelengths between 1535 and
1541 om, from the CATV signal located between 1550 and 1560 om. The two groups of wavelengths
are fixed, no tuning being needed.

The CWDM function is required:
1 at the Headend to combine the downstream interactive signals (4 wavelengths) and the CATV

signal; it also directs the interactive upstream signals towards the multi-wavelength receiver;
2 at the OND where it separates the downstream interactive signals from the CATV and sends the

upstream interactive signals into the network.
3 in the bi-directional amplifiers to have separate IS and CATV amplifications.

The coarse WDM is a 3-port device with different specifications for the CATV and IS signals, because
of different signal formats and levels and no wavelength tuning.
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2.4.2 ONU Multi wavelength receiver:
The technical approach of the multi-wavelength receiver is based on the opto-electronic integrated
PHASAR based demultiplexer in InP with PIN photodetectors. PHASAR devices are based on an array
arrangement of bent waveguides, the radius of the bent controlling the length of each waveguide and
therefore the phase distribution at the output aperture of the array. This array type is dispersive and any
change in wavelength will move the focal spot at the output of the array. Based on this principle, a
HDWDM device can be made using a topology like [input waveguide - fan-out waveguide region 
waveguide array - fan-in waveguide region - output waveguides].

In TOBASCO, a 4-channel photodetector array has been monolithically integrated on a PHASAR
based demultiplexer chip. The required wavelength for the receiver is determined by the wavelengths
set by the transmitter lasers in Headend; the channel spacing is 1.6 om. An important requirement is
polarisation independent operation of the demultiplexer. Figure 2-6 shows the layout ofa PHASAR
demultiplexer: the overall device size with no detectors included yet is 1.2x3.3 mm2

•

Figure 2-6 Layout of eight-channel PHASAR demultiplexer. Size is 1.2 x 3.3 mm2
•

2.4.3 The TOBASCO lasers:
CCM-SIPBH DFB lasers with a A./4 phase shift for high single mode operation and high yield of
specific wavelengths have been fabricated. By realising a wide wavelength range in the grating periods
ofthe laser structure using EBPG techniques, the required wavelengths can be obtained. Figure 2-7
shows this new laser structure:

Coupling constant

InP (Fe)

NlnP
CCM DFB SIPBH

Figure 2-7 Left: layer structure ofCCM-DFB SIPBH laser. Right: Sketch CCM principle with
S/4 phase shift in the grating written by EBPG technique. The grating height is varied in the

longitudinal direction to reduce spatial hole burning at higher output powers.

active
grating
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3 MODELLING THE PHYSICAL LAYER

In this chapter a model is presented of the lightwave system of the TOBASCO project, which includes
the transceiver of the management signal based on the RS232 interface.
In the first paragraph the different components and there physical characteristics are discussed.
The second paragraph gives a small introduction in the way the data and management signal are
multiplexed by using the same laser and fiber.

3.1 The Lightwave system of the TOBASCO project
In Figure 3-1 we can see, that the model consists out of a laser, fiber, amplifier, optical filter and two
receivers. At this time we do not take into account, that the TOBASCO project is a WDM system. So at
this stage we assume that we work with one data signal and one management signal operating at the
same wavelength.
The different components and there parameters are discussed shortly.

Pd,Pm,RIN

Ll Amplifier

FR', G

L2

~Vsp R,Id,Rr.,T,~f,Fnr

Figure 3-1 The Lightwave system of the TOBASCO project.

• The laser
The output-power of the laser depends on the output power of the management-signal Pm and the
power of the data-signal Pd. Furthermore the laser generates intensity noise, which is represented
by the RIN.

• Fiber
In our model the influence of dispersion is neglected and the fiber loss can be modelled by an
attenuation factor L. (The losses due to imperfect filters or optical splitters are also taken into
account.)

• The amplifier
Besides amplifying the input signal with a factor G, the amplifier degrades the Signal-to-Noise
Ratio (SNR), because of spontaneous emission. The SNR degradation is given by the amplifier
noise figure Fna. The spontaneous-emission noise power Psp can be calculated out of these
parameters.

• Optical fIlter
In the TOBASCO project High Density Wavelength Division Multiplexers (HDWDM) are used to
separate and combine different wavelengths. The optical filter used in our model has the same
bandwidth as a channel from the HDWDM.

• Receivers
The signal received by the photodiode has three components, the received power from the
management-signal Pm-" the power from the data-signal Pd-r and the power from the spontaneous
emission L2-Psp (with Psp in Watts). The current, caused by the received power, through the
photodiode can be calculated by introducing the responsitivity R.
Furthermore there is some dark-current Id leaking through the diode, which causes extra shot
noise. The transimpedance preamplifier has a load resistor~ which causes thermal noise.
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The other parameters which influence the noise sources are the operating temperature T of the
receiver, the equivalent noise bandwidth M, which is matched to the bitrate and the noise figure of
the amplifier in the receiver Fnr.

3.2 Multiplexing two signals in a fiber
A laser starts to generate stimulated emission, as soon as the current flowing through the laser exceeds
the threshold-level. We can write:

Ilaser = Ithreshold + I modulation Equation 3-1

In a Direct-Detection Lightwave system, as in the TOBASCO-project, the bits are represented by
optical pulses generated by the laser. The output power of the laser is proportional to the modulated
current through the laser:

~aser - I mod ulation Equation 3-2

This modulated signal is a Non-Retum-to-Zero pulse with a different positive value for a "0" and "I"
and operates at 622 Mbit/s.
When we add another modulated positive current to the total current, the output-power of the laser will
be proportional to the sum of the two modulated currents. This second signal is a signal which
represents a management-signal and operates at low bitrates (10 kbit/s).
In the future we will address to these different signals with the suffix "d" for the data-signal and ''In''
for the management-signal. In this case the output power of the laser exists out of two components:

Equation 3-3

Now we have multiplexed two different signals, which we have to separate at the receiver (see Figure
3-2).

The management-signal is retrieved by using a filter, so that the influence of the data-signal is
minimised. The interference from the management-signal with the data-signal is kept to a minimum by
using small current variations and therefore small power variations, in the modulated management
current 1m•

data
signal

management 1mI
signal

11+Im~management
+ data
signal

Figure 3-2 Two modulated currents affecting the output of a laser.

As we will see in Chapter 5, the sensitivity of these two signals can be expressed by the Bit-Error-Rate
(BER) of both signals. To model the BER for both data and management signal, we have to look at all
noise sources in the system.
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4 NOISE SOURCES

A measure of sensitivity for the signalling channel is the Bit-Error-Rate (BER). Before we can
calculate the BER, we have to know all different noise sources and there influence on the system. The
model we are working with is based on a Direct-Detection Lightwave system and uses a
transimpedance preamplifier.

The different noise sources we have to cope with in this system are

• Receiver shot noise;
• Receiver thermal noise;
• Laser Relative Intensity Noise (RIN);
• Optical amplifier noise;

• Spontaneous-Spontaneous Beat noise;
• Signal-Spontaneous Beat noise;
• Shot-Spontaneous Beat noise;

• Interference from other signals.

Each of the above discussed will be discussed separately in the following paragraphs.

4.1 Receiver shot noise
Shot noise [I] is a manifestation of the fact that the electric current consists of a stream of electrons that
are generated at random times. The photodiode current generated in response to a constant optical
signal can be written as

Equation 4-1

where Ip=R(Pd-r+Pm-r) is the average current and i.(t) is a current fluctuation related to shot noise.
Mathematically, i.(t) is a stationary random process with Poisson statistics which in practice can be
approximated by the Gaussian statistics. The autocorrelation function of i.(t) is related to the spectral
density S.(t) by the Wiener-Khinchin theorem [3].

00

< is (t)is(t + r) >= JSs(f) exp(2nifr)df
-00

Equation 4-2

The spectral density of shot noise is constant and is given by S.(t)=qIp. So we can see shot noise as a
white noise source, which has a two-sided spectral density.
The noise variance is obtained by setting FO and is given by

00

us
2 =< ;;(t) >= JSs(f)df = 2qI/!!.f

-00

Equation 4-3

where ,Mis the effective noise bandwidth of the receiver.
All photodiodes generate some current even in the absence ofan optical signal, because of stray light
or thermal generation of electron-hole pairs. This residual current is referred to as the dark current.
Besides the dark current, the photodiodes generate current, because of the appearance of other signals.
Their contribution is included in Equation 4-3 by replacing Ip by ~+Idark+Im• The total shot noise is then
given by

u; =2q[R( Pd - r + Pm- r ) + I dark 14f
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4.2 Receiver thermal noise
At a fmite temperature, electrons in any conductor move randomly. Random thermal motion of
electrons in a resistor manifests as a fluctuating current even in the absence ofan applied voltage. The
load-resistor in the front-end ofan optical receiver adds such fluctuations to the current generated by
the photodiode. This additional noise component is referred to as thermal noise, Johnson noise or
Nyquist noise [1 and 4].

Mathematically h(t) (the thermal noise current) is modelled as a stationary Gaussian random process
with a spectral density that is frequency independent up to - 1 THz (nearly white noise) and is given by

Equation 4-4

where kB is the Boltzmann constant, T is the absolute temperature and Rr- is the load resistor.

The noise variance is obtained by

co

a; =< i; (t) >= JST(f)df = (4kBT / RL )l1f
Equation 4-5

where Af is the effective noise bandwidth. The same bandwidth appears in the case of both shot noise
and thermal noise.
Equation 4-5 includes thermal noise generated in the load resistor. An actual receiver consists of many
other electrical components, some of which may add additional noise. A simple approach accounts for
the amplifier noise by introducing a quantity Fm referred to as the amplifier noise figure and modifying
Equation 4-6 as

Equation 4-6

Physically, For represents the factor by which thermal noise is enhanced by the preamplifier.

4.3 Laser Relative Intensity Noise (RIN)
The output ofa semiconductor laser exhibits fluctuations in its intensity even when the laser is biased
at a constant current with negligible current fluctuation. The two fundamental noise mechanisms are
spontaneous emission and electron-hole recombination. Noise in semiconductor lasers is dominated by
spontaneous emission.
The intensity-autocorrelation fmiction is defined as

Cpp (r) =< oP(t)oP(t + r) > / P
2

Equation 4-7

where"P is the average value and oP represents a fluctuation. The Fourier transform ofCpp(t) is known
as the Relative Intensity Noise (RIN) [1] and is given by

00

RIN{OJ) = ICpp{r)exp{iOJr)dr
-00
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Figure 4-1 shows the calculated RIN spectra at several power levels for a typical 1.55 11m InGaAsP
laser. In our model the influence of the RIN will be modelled as a white noise source with an electrical
noise-bandwidth (Equation 4-9).

Equation 4-9

10°

FREQUENCY (CHz)

-110 ,----.--.......--................-.-.........,.---.--.--......-......................"T"1

-120

"'"" -130N
J: POWER (mW)"-(D
'0-z -140it:

-150

-160 L-_--'-_"---'---'...........................L.__"----'--"--"-........~

10-1

Figure 4-1 Calculated RIN spectra at several power levels for a typical 1.55 mm semiconductor
laser.

4.4 Amplifier noise
The amplified signal received by the photo-detector can be written as

Equation 4-10

where L is the attenuation caused by the two fibers, G is the amplifier gain, Pd and Pm is the power of
optical signals at the output of the laser and Psp is the spontaneous-emission noise power added to the
signal such that

Equation 4-11

L\vsp is the effective bandwidth of spontaneous emission and can be approximated by the amplifier
bandwidth in practice. The spectral density Ssp is given by

Equation 4-12

where v is the optical frequency and nsp is called the spontaneous-emission factor or population
inversion factor. We can also find a relationship between the population-inversion factor and the
amplifier-noise figure, which is
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The contribution ofthe spontaneous-spontaneous beat noise, signal-spontaneous beat noise and shot
spontaneous Beat noise is given by [1 and Olsson model]

Equation 4-14

Equation 4-15

Equation 4-16

where R=Tlq/hv is the photoconductor responsitivity and M is the receiver bandwidth. The three
contributions O"sp_s/, O"sig-sp2 and O"shot_sig

2 originate from beating of spontaneous emission against itself:
signal and shot-noise respectively.

4.5 Interference from other signals
Since we're using the fiber for more tha one communication channel, we also have to deal with
interference from other signals (besides the influence in shot noise, already mentioned). Here we need a
different approach for two cases:

• the interference from the data-signals on the management-signal;
• the interference from the management-signal on the data-signal.

These different approaches are made because the two signals have a large difference in the frequency
domain. As we will see in the following sections, in the first case, we can model the interference from
the data-signals as a white noise source. The latter, we have looked at several signal states to get the
model.

4.5.1 Interference from the data-signals with the management signal
In the former paragraph is said, that we, mathematically, can model the interference of the data-signals
on the management signal as a white noise source. If we look at the power spectral densities, we can
see why.

The power spectral density of a random signal is the Fourier-transform of the autocorrelation [5]. In
Figure 4-2 and Figure 4-3 the autocorrelation and power spectral density of an optical signal of a Non
Retum-to-Zero random signal is given. The symbols used are explained in Table 4-1.

Table 4-1 Explanation ofsymbols used in Figure 4-2 and.

B-A "Zero"-level of binary signal in Watts
B+A "One"-level of binary signal in Watts
T Bit-time
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Figure 4-2 Autocorrelation of a random NRZ signal

1
Sdd(w)

-
Figure 4-3 Power Spectral Density of a random NRZ signal without DC component.

The optical power spectral density is given by

Equation 4-17

As we can see, the plot of the power spectral density function is getting wider when shoTter bit-times
are used. If the difference of the bit-time between the management-signal and data-signal is large
enough and a low-pass filter is used, the influence of the data-signal on the management-signal can be
seen as a white noise source with an equivalent noise bandwidth, because the optical spectral density is
nearly a constant between the limits of the filter.

lfwe translate the power transmitted by the laser into the current flowing through the photodiode Table
4-1 changes into Table 4-2.
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Table 4-2 Binary representation of the current of through the photodiode.

RL,L2G(B-A)
RL,L2G(B+A)
T
R

"Zero"-level ofbinary signal in Amperes
"One"-level of binary signal in Amperes
Bit-time
Responsitivity photodiode

The current spectral density is than given by

Equation 4-18

The autocorrelation function of id(t) is related to the spectral density Sdd(ro) by the Wiener-Khinchin
theorem:

(RL L G)2 [ .
< iAt)iAt + r) >= '2 Sdtf(OJ)e 'OJT dOJ =

2Jr 00

(RL,L2G)2 [00 Sdtf(f)e 21rifTdf

Equation 4-19

where angle brackets denote an ensemble average over fluctuations.
Since the bandwidth of the management signal is very small in comparison with the data signal and the
delta-pulse of the OC-component is filtered the spectral density can be seen as a constant between the
bandwidth and is given by Sii(O). Since the DC-component is filtered the average current <id(t» is 0,
thus the noise variance is obtained by setting t=O in Equation 4-19:

a; =< i;(t) > - < id(t) >2=< i;(t) >= (RL,L2G)2 [00 Sdtf(f)df =

2(RL1L2G)2 Sdtf(O)6.f

where M is the effective noise bandwidth and

Equation 4-20

Equation 4-21

4.5.2 Interference from the management-signal with the data-signal
In this case we cannot model the interference of the management-signal on the data-signal as a white
noise source, because the management-signal will be constant over a lot offbits from the data-signal,
so it is not unpredictable.
Here we assume that the detection-system moves automatically with the centre of the eye-pattern of the
receiver and there are four instead off two possibilities for an error to occur.

BER = p(l,I)P(O /1,1) + p(1,O)P(O /1,0) +
p(O,l)P(l /0,1) + p(O,O)P(l /0,0)

Equation 4-22

where p(a,b) is the probability of transmitting "a" for the data-signal and "b" for the management
signal and P(c/a,b) is the probability of receiving c when a and b are transmitted.
We assume that p(I,I)=p(I,O)=p(O,I)=p(O,O)=Y4 and we neglect the possibility ofa sample at a crossing
of a level of the data-signal.
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4.6 Summary Noise Sources
The photo-current generated at the detector can be written as

Equation 4-23

where Jp=R(Pd-r+Pm-r+Psp-r) is the signal and i represents current fluctuations which should include the
effects of shot noise, thermal noise, spontaneous emission noise, RIN and the interference noise from
other signals. The variance cr2=<i2> of current fluctuations can be written as

222 2 2 2 22
a = aT + a shot + asp-sp + asig-sp + ashot-sp + a RlN + ad Equation 4-24

where crl is the thermal noise, crs
2 is the shot noise, crRIN2 is the intensity noise caused by the laser, crsp

s/, crsig-s/ and crshot_sig2 is the noise caused by the amplifier and crl is the noise caused by the
interference from the data-signal on the management (is 0, when the BER from the data-signal is
calculated).

a;hot = 2q[R( Pd - r + Pm-r) + Idark ]i1f = 2q[RLJLz G( Pd + Pm) + Idark ]i1f Equation 4-25

a~N =(Pd- r + Pm_r)Z ·R z 'i1f ·RIN =(RLJLZG)Z(Pd + Pm)Z i1f ·RIN Equation 4-27
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5 PERFORMANCE

The performance criterion for digital receivers is governed by the bit-error rate (BER), defmed as the
probability of incorrect identification of a bit by the decision circuit of the receiver. A commonly used
criterion for digital optical receivers requires BER ~ 10.9• The receiver sensitivity is then defined as the
minimum average received power required by the receiver to operate at a BER of 10.9•

In our model the management signal disturbs the data signal and the data signal disturbs the
management signal. As we have seen in chapter 4 the noise sources depend on the power of both data
and management signal. Hence the BER-curve depends on the modulation scheme used.
The modulation scheme of the data signal is predetermined (direct-detection), but the modulation
scheme of the data signal can be chosen.
In the following sections we will discuss several modulation schemes, but we will begin with the
explanation ofa BER-curve of one signal [I].

5.1 Bit-Error Rate of one signal
Figure 4.16a shows schematically the fluctuating signal received by the decision circuit, which samples
it at the decision instant to determined through clock recovery. The sampled value I fluctuates from bit
to bit around an average value I( or 1m depending on whether the received bit corresponds to "I" or "0"
in the bit stream. The decision circuit compares the sampled value with a threshold value 10 and calls it
bit I ifI>Io or bit 0 ifI<lo.

to

PrObabIlity

TIme

(0) (b)

Figure 5-1 (a) Time-dependent fluctuating signal generated in the receiver in response to a digital
bit stream. Signal is sampled at the instant tD by decision circuit and compared with a threshold

level ID. (b) Gaussian probability distributions centered at the average signal level 11 and 10.
Dashed region shows the probability of incorrect identification when 11 falls below In or 10

exceeds In.

An error occurs ifI<lo for bit I because of noise. An error also occurs ifI>lo for bit O. Both of the
sources oferrors can be included by defining the error probability, or the BER, as
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BER =p(I)P(O /1) + p(O)P(1 / 0) Equation 5-1

where p(l) and p(O) are the probabilities of receiving "I" and "0", respectively, P(O/l) is the
probability ofdeciding 0 when 1 is received and P(1/0) is the probability of deciding 1 when 0 is
received. We assume that in the bit stream "I" and "0" are equally likely to occur, so that p(O)=p(l)=Y2
. The BER is therefore given by

1
BER ="2[P(O /1) + P(1 /0)] Equation 5-2

Fig. 4.16b shows how P(O/I) and P(1I0) depend on the probability density function p(I) of the sampled
value 1. The functional from ofP(I) depends on the statistics of noise sources responsible for current
fluctuations. Here we assume that every noise source can be described by Gaussian statistics with zero
mean and variance al. However, both the average and the variance are different for bit 1 and bit 0
depending on the received bit. If a)2 and ao2 are the corresponding variances, the conditional
probabilities are given by

1 Iv (1-1)2 1 1-1
P(O/l) = ..j2; Jexp[- ~ ]d1 =-erft( ) A)

0") 2tr _GO 20") 2 0") 2

where erfc stands for the complimentary error function, defmed as

2 GO

erfc(x) = r Jexp(-y2)dy
vtr x

By substituting Equation 5-3 and Equation 5-4 in Equation 5-2, the BER is given by

Equation 5-3

Equation 5-4

Equation 5-5

Equation 5-6

Equation 5-6 shows that the BER depends on the decision threshold ID• In practice, ID is optimized to
minimize the BER The minimum occurs when ID is chosen such that

Equation 5-7

Explicit expressions for ID and Q are

Equation 5-8

Equation 5-9

The BER with optimum setting of the decision threshold is obtained by using Equation 5-8 and
Equation 5-9 and is given by Equation 5-10.
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1 Q exp(_Q2 /2)
BER =- erfc(-) ~ ----=---'----;;=:=----'--

2 .fi Q.J2;r
Equation 5-10

The approximate form of the BER is obtained by using the asymptotic expansion oferfC(Q/...J2) and is
reasonably accurate for Q>3.

5.2 Direct Detection modulation scheme of the management
signal

In Figure 5-2 we see how the management and data signal are combined. As we can see there are four
different levels of the laser driver current. Each of these levels fits to a possible combination (1 and 2; 3
and 4) ofboth signals.

Id

data
signal

management
signal 1m I

Id+ [dl

management
+ data
signal

2

3

4

Laser

Figure 5-2 Direct Detection modulation scheme of both data and management signal

Since the frequency ofboth signal differ significantly both signals need a different approach.

5.2.1 BER management signal
As we can see in Equation 5-11 and Equation 5-12 the decision current ID and Q is determined by the
average current received by a "0" and "I" and the two different standard deviations.

Equation 5-11

Equation 5-12

The average currents of the management signal are given by

Equation 5-13

Equation 5-14
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In some cases the variance of the current fluctuation depends on the transmitted power of the laser. So
there are two different standard variances:

22 2 222 2
aT + asp-sp + ashot-sp + am + a s- 1 + a RIN-l + asig-sp-l

Equation 5-15

Equation 5-16

The different terms for the shot noise, RIN and signal-spontaneous beat noise are given by Equation
4-25, Equation 4-27 and Equation 4-29, where Pd is Y2(Pd-1 + Pd-O) and Pm is the power transmitted by a
"0" or "I" of the management signal.

5.2.2 BER data signal
As said, we assume, that the detection-system moves automatically with the center of the eye-pattern of
the receiver and so there are four instead off two possibilities for an error to occur.

BER = p(1,I)P(O /1,1) + p(1,O)P(O /1,0) + p(O,I)P(1 / 0,1) +

p(O,O)P(1 / 0,0)
Equation 5-17

where p(a,b) is the probability of receiving "a" for the data-signal and "b" for the management-signal
and P(c/a,b) is the probability of deciding c for the data signal when a and b are received.
We assume that p(l, I)=p(l,O)=p(O, I)=p(0,0)=Y4 and we neglect the possibility of a sample at a crossing
ofa level of the data-signal.

We assume, that the possibilities are equal to occur, so pel, 1)=p(I,O)=p(O, l)=p(O,O)=Y4. Ifwe compare
this situation to the former, we can conclude, that we can determine the BER by taken the average of
the BER oftwo different situations, equally to occur.

BERmanagement=o + BERmanagement=1
BERro~ = 2

5.2.2.1 BERmanagement=O
In this case the two average currents are

and the two standard deviations are

22 +2 +2 +2 2
a o = aT +asp-sp ashot-sp a s- dO- m a RlN-dO-mO + asig-sp-dO-mO

2+ 2 2 2 2 2
a l = aT asp-sp + ashot-sp + as-dl-mO + a RlN-dl-mO + asig-sp-dl-mO

Equation 5-18

Equation 5-19

Equation 5-20

Equation 5-21

Equation 5-22

where Pm is given by the power transmitted for a "0" from the management-signal, and Pd depends on
the transmitted bit.
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5.2.2.2 BERmonagement=J
Now the average current is determined by the transmitted power from a "1" of the management-signal,
so:

and the two standard deviations are

2 2 2 2 2 2
(J T + (Jsp-sp + (Jshot-sp + (Js-dO-ml + (JRIN-dO-ml + (JSig-sp-dO-ml

2 2 2 2 2 2
(JT + (Jsp-sp + (Jshot-sp + (Js-dl-ml + (JRIN-ld-ml + (JSig-sp-ld-ml

Equation 5-23

Equation 5-24

Equation 5-25

Equation 5-26

where Pm is given by the power transmitted for a "I" from the management-signal. and Pd depends on
the transmitted bit.

5.3 ASK modulation scheme of the management signal
Another modulation method we can use is ASK [6]. The transmitted signal is plotted in Figure 5-3.

management
signal 1m

management +
data signal I.-+Im I

2

3

4

6 •
Figure 5-3 ASK modulation of the management signal.

Instead ofhaving two different combinations, we have three combinations; 1 and 2, 3 and 4, 5 and 6.
By the use ofan ASK modulation scheme we introduce a four-sided spectral density instead of two
sided spectral density (see Figure 5-4). The extra noise is taken into account by increasing the effective
noise bandwidth.
Again we follow the same approach as in paragraph 5.2.
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Figure 5-4 Spectral densities of a direct detection scheme (a) and an ASK modulation scheme (b).

5.3.1 BER management signal
Before we can calculate the BER-curve, we should take a closer look at the design of the receiver (see
Figure 5-5). After the photodiode the signal passes through a band-pass filter to separate the
management signal from the data signal. The lower frequencies like the DC-component of the signal
are filtered, so that the signal is centered around the central axis (1=0). The higher frequencies are
filtered and as a result ofthis the bloc-shaped pulses are translated into a sinus-shaped-pulse.
After the band-pass filter the signal passes a double-sided rectifier. After the double-sided rectifier we
recover the originallOkbit/s management signal with the use of a Low Pass filter. Since the DC-level
ofa bloc-shaped pulse is higher than the DC value of a rectified sinus pulse (the surface below the
rectified pulse is smaller than the surface of an rectified bloc-shaped pulse) we have to take into
account some losses in signal power.
In Figure 5-6 the transformation process of the signal through the receiver is plotted. The constant c in
Figure 5-6 d is the penalty mentioned.

Linear Channel

Figure 5-5 Design of an ASK receiver.
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Figure 5-6 Transformation proces of management receiver. a) Signal after photodiode. b) Signal
after bandpass fdter. c) Signal after double-sided rectifier. d) Signal after Low Pass Filter.

Now we understand the transformation process of the receiver, we can fonnulate the relations between
the transmitted powers and the Bit-Error rate.

Let us assume that the front-end of the receiver has filtered the incoming signal, what leaves us with
the following three different situations at the input of the band-pass filter.

and their variations

2 2 2 2 2
aT + a sp-sp + a shot-sp + am + a s-d_ average-mO +

2 2
a RlN-d _ average-mO + a sig-sp-d _ average-mO

2 2 2 2 2
aT + a sp-sp + a shot-sp + am + a s-d-average-mIL +

2 2
a RlN-d _averafe-mILI + a sig-sp-d _average-miL

Equation 5-27

Equation 5-28

Equation 5-29

Equation 5-30

Equation 5-31

a LH =
2 2 2 2 2

aT + a sp-sp + a shot-sp +am + a s-d-average-mIH +
2 2

a RlN-d averafe-mlLH + as,g-sp-d_average-mIH

Equation 5-32

with the following chances of the management signal:
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p(o) Y2
p(lL) v.s
p(lH) v.s

we get a probability function as given in Figure 5-7a. When this signal passes the double sided rectifier
and the filters, negative values become positive.
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b)
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Figure 5-7 Gaussian probability densities ofthe received signal a) Densities before rectifier. b)
Densities after rectifier and LPF.

The new Gaussian probability function is given by

1a = 0

1b =c(IIH - 10 )

Equation 5-33

Equation 5-34

Equation 5-35

Equation 5-36

Since InrIo=Io-IlL Equation 5-35 is straightforward, when the DC-component is filtered and the signal
is rectified.
Both standard deviations when the management signal carries an "1" differ. Since O'IH is higher than
O'IL we will chose for the worst case scenario and equal O'b to CeO'iH' Here we see that the standard
deviations decrease with the same factor c as the average received current.
Here we see that the BER is equal to:

I I -I I -I
BER=-[2·erfc( IH A)+erfc( D i)]

4 a lH 2 0'0 2

where ID is numerically solved so that the BER is set to a minimum.

31

Equation 5-37



r

Tek Run: SOOkS/5 Sample
[------------T----------)

time_

Extinction ratio
management signal

28 Apr 1998
16:01:31

Figure 5-8 Extinction ratio management signaL

So when we define the extinction ratio of the management signal (ASK modulated) as the difference
between the "1H" and "1L" (see Figure 5-8) the extinction ratio is not direct matched to the distance of
the average current received when receiving a "0" or an "I"

5.3.2 Simulation results
In Figure 5-9 we see the results of several simulations. Since we want to focus upon the penalty
induced by the combining of both data and management signal, the optical amplifier is excluded in our
simulations.
We see the BER as a function of the average power received of the management signal. The BER curve
is plotted at several different coupling ratio with the data signal.
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BER curves of the management signal
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Figure 5-9 Theoretical BER of the management signal.

In the simulation we used the following values:

Table 5-1 Characteristic values of the simulation of Figure 5-9.

R
Idark

Extinction rati0dat8
Extinction ratioman8gemcnt
T
Bitrate data signal
Bitrate management signal

-140 dBIHz
odB
250 kHz

0.9 A/W
10.9 A

lOS k.Q
7.1 dB
8.1 dB
293 K
622 Mbit/s
10 kbit/s

5.3.3 BER data signal
Instead of having two different combinations, which we had in the former paragraph, we now have
three. When we assume having three different combinations, we should have three different eye
patterns. Since it is hardly recognisable since the power of the management signal is far below of the
power of the data signal, we raised the power of the management signal. In Figure 5-10 we see three
different eye-patterns, of which each belongs to a level of the management signal.
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Figure 5-10 Three different eye-patterns can be found, when both signal powers are equal

Once more, we assume that the detection-system moves automatically with the center of the eye
pattern of the receiver and so there are four instead off two possibilities for an error to occur.

BER =p(l,lH)P(O/l,lH) + p(l,lL)P(O/1,lL) + p(l,O)P(O/1,O) +
p(O,lH)P(l / O,lH) + p(O,lL)P(l / O,lL) + p(O,O)P(l / 0,0)

Equation 5-38

where p(a,b) is the probability ofreceiving "a" for the data-signal and "b" for the management-signal
and P(c/a,b) is the probability ofdeciding c for the data signal when a and b are received.
We assume that p(l,IH)=p(l, 1L)=p(O, IH)=p(O, lL)=l/8 and p(O,O)=p(l,O)='/.a and we neglect the
possibility ofa sample at a crossing of a level of the data-signal.

lfwe compare this situation to the former, we can conclude, that we can determine the total BER by
taken the BER ofthree different situations.

1
BERmanagement=-O + "2 (BERmanagement=-IH + BERmanagement=-IL)

BERtotal =-----------''''------------------
2

5.3.3.1 BERmanagement=O

In this case the two average currents are

and the two standard deviations are

2 2 2 + cr2 2 2
(j0 = (jT +(jsp-sp + crshot-sp s-dO-m + crRIN-dO-mO + crsig-sp-dO-mO
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Equation 5-40

Equation 5-41
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2 2 2 2 2 2
aT +a sp-sp + a shot-sp +a s-dl-mO +a RlN-dl-mO +a sig-sp-dl-mO Equation ~43

where Pm is given by the power transmitted for a "0" from the management-signal, and Pd depends on
the transmitted bit.

5.3.3.2 BERmanagement=JL
Now the average current is determined by the transmitted power from a "IL" of the management
signal, so:

and the two standard deviations are

2 2 2 2 2 2
aT + a sp-sp +a shot-sp +a s-dO-mIL +a RlN-dO-mIL +a sig-sp-dO-mIL

2 2 2 2 2 2
aT +a sp-sp +a shot-sp +a s-dl-mIL +a RlN-ld-mIL + a sig-sp-ld-mIL

Equation ~44

Equation ~45

Equation ~46

Equation ~7

where Pm is given by the power transmitted for a "1" from the management-signal, and Pd depends on
the transmitted bit.

5.3.3.3 BERmanagement=JH
Now the average current is determined by the transmitted power from a "IIf' of the management
signal, so:

and the two standard deviations are

2 2 2 2 2
aT +a sp-sp + a shot-sp +a s-dO-mIH +a RlN-dO-mIH +a sig-sp-dO-mIH

2 2 2 2 2 2
aT +a sp-sp + a shot-sp +a s-dl-mIH +a RlN-ld-mIH +a sig-sp-ld-mIH

Equation ~48

Equation ~49

Equation ~SO

Equation ~51

where Pm is given by the power transmitted for a "1" from the management-signal, and Pd depends on
the transmitted bit.

5.3.4 Simulation results
In Figure 5-11 we see the results of several simulations. We see the BER as a function of the average
power received of the data signal. The BER curve is plotted at several different coupling ratio with the
management signal.
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BER curves of the data signal
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Figure 5-11 Theoretical HER ofthe data signaL

In the simulation we used the following values:

Table 5-2 Characteristic values of the simulation of Figure 5-11.

RIN1aser

R
Idark

Extinction ratiocJata
Extinction ratiomanagement
T
Bitrate data signal

-140 dB/Hz
OdB
500 MHz
0.9NW
10-9 A
105 k.Q

7.1 dB
8.1 dB
293 K
622 Mbit/s

5.4 The performance of management communication in a WDM
network

Although this report main emphasis is the disturbance of one data signal on one management signal
and of one management signal on one data signal, we will take a preview of the disturbance of several
different data and management signals in a WDM network, like TOBASCO. The statements mad in
this chapter can be used as guidelines for further study.

In a WDM network different wavelengths are multiplexed in one fiber. The TOBASCO project uses
four different wavelengths for upstream and four wavelengths for downstream communication. If we
superpose our management signal on all channels we can achieve a higher sensitivity (see Figure 5-12).
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Figure 5-12 The summation of currents results in a higher sensitivity.

Since the noise sources are independent the variations may be summarised just like the new current.
Hence the new current and standard deviation are:

;=1

IT, = ~t.lT;'

Equation 5-52

Equation 5-53

Since the standard deviation increases with the square root of the summation of the variations and the
total current increases with the summation of the currents, we are able to achieve higher receiver
sensitivities when we choose this set-up.

As we have seen in Chapter 4, the variance depends on different noise sources. In Equation 5-54
(replica of Equation 4-24) we have separated these noise sources.

2222 2 2 22
a = aT + a shot + asp-sp + as;g-sp + ashot-sp + a RIN + ad
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When we take a closer look at the set-up described (see Figure 5-13a), we see that we de-multiplex the
different channels in the HDWDM (High Density Wavelength Division Multiplexer) and multiplex the
signals by adding the currents through the different photodiodes.
By placing the photodiode for the HDWDM we can avoid the losses and more important we can reduce
the total noise. This measure improves the sensitivity of the management signal, but introduces extra
losses, because we have to use an optical splitter to divide the data and management signal. This option
may be interesting, when a large number of wavelengths are multiplexed and the losses of the optical
splitter are replaced by a smaller penalty of the sensitivity of the data signal, due to smaller power
variations in the optical signal of the management signal (IL and HI).

a)

A1,A2,A3,A4

HDWDM

It,at

b) A1,A2,A3,A4 @ ~
~ It,m

Figure 5-13 Placement of management receiver. a) After HDWDM. b) Before HDWDM.

The output-current of the photodiode depends linearly on the optical power, which falls on the
photodiode. Since the responsitivity R of the photodiode is nearly constant in the 1500 nm region, the
photodiode in the set-up of Figure 5-13b summates the different channels.
When we only use one photodiode, we only have one thermal noise source and one shot-noise source
due to the dark current, instead of having four times these noise sources (see Figure 5-13b). Hence the
sensitivity of the network improves. Another advantage is of course the reduction of total costs.

Another advantage of the transmission of the management signals using all wavelengths is, that the
management signal still is received, when one ore more wavelengths have fallen out. So the network is
redundant.

When we use an ASK modulation scheme, we do not take any advantage of the changing levels
between 1L and 1H. When we make use ofCDMA (Code Division Multiple Acces) and we increase
the sample rate we can divide the bits in chips and achieve a higher sensitivity. This technique is
beyond the framework of this report and therefore the reader is referred to other articles and literature.
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6 TRANSCEIVER DESIGN

The challenge of the transceiver design is to fmd a suitable modulation scheme for the management
signal, so that the influence of the management at the data signal is reduced to a minimum and that
there is an "error-free" transmission path for the management signal.

Ifwe look at the transceiver design, we have to take the following properties of the TOBASCO project
into account:

• the transmission of the data signal is based on a direct detection lightwave system, working at a
speed of 622 Mbit/s;

• the transmission of the data signal is sent in bursts (upstream);
• the management signal is based on a RS232 interface, which transmits data in burst mode at a rate

of 9600 bit/s (is approximated by 10 kbit/s).

Due to the fact that the DC-component of the data signal changes, we have to chose a modulation
scheme for the management signal, that is able to adapt to these change of circumstances. The option
chosen is to use a modulation scheme, which doesn't have a DC-component. This means, that we can't
use the baseband direct detection methode. So we have to use ASK or FSK modulation schemes [6].

Amplitude
shift

keying
(a)

Frequency
shift

keying
(b)

Figure 6-1 Modulated carrier waveforms used in binary data transmission schemes. (a)
Amplitude-shift keying. (b) Frequency shift keying.

Ifwe use FSK, we can achieve a higher sensitivity, but the design will be more complex. Because we
still are working in an experimental stage, we have chosen for ASK modulation, to keep the design less
complex. (The complete schematic is given in Appendix A.)

6.1 Optical transmitter
When we look in Figure 6-2 we see the basic principle of an optical transmitter. In our design the
frequency of the clock is a major issue.

RS232
Modulator Laser

Interface

Clock

Figure 6-2 Scheme of an Optical ASK transmitter

When a ASK modulation scheme is used, the original signal is recovered by recovering the envelope of
the signal. Most of the time this is done by a Low Pass Filter at the receiver. To be able to filter the
envelope there has to be a certain distance between the cut-off frequency (3 dB point) of the LPF and
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the clock. On the other hand the spectrum of the management and the data signal have to be apart so
that they can be separated. The best clock frequency in our system is therefore 200 kHz (see paragraph
6.1.1 ).

Since we are in an experimental stage it was not practical to add the management signal to the same
laser, which send the data. Although this is the most efficient option in economic and technical sense,
we have to make a transmitter, which is able to send the ASK signal. The option chosen is to use a 3
State Buffer Device, which sets us to be able to send the same DC-component, when transmitting a "0"
or an "1" (see Figure 6-3).

~5V

Q

RS232 interface

'Juljlut.---------,

Clock

CU1PUl ...--,,2'-1

Ds1
Laser

Rs6

50

Z=High Impedance OFF-state

Figure 6-3 3-State Buffer Device, which delivers a symmetrical output at V*.

Using the function table of the 3-State Buffer Device in a right way, we can achieve the goal of sending
3 different levels, which are symmetrical to the centre level (see Figure 6-4).

OV,+5V,Z +5V
a)
+5V

b)
+5V +5V

c)
+5V

~reference

Fu nction table

RS232 clock output schematic Vreference

0 X Z a 112· +5V
1 I +5V b 2/3· +5V
1 0 OV c 113· +5V

Z = high impedance
All resistors have the same vaJue.

Figure 6-4 3-state buffer device used to achieve symmetrical levels.

Since the lowest level (IL) of the management signal is far above the threshold of the laser, we add an
extra DC-component to the received signal. The results will therefore deteriorate a little bit, but testing
should be possible.
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6.1.1 Clock frequency
As mentioned the clock frequency is centred between the spectrum of the management signal and the
spectrum of the data signal.
The data signal has a bit rate of 622 Mbit/s. The coding technique used is a code in which the
maximum number of ones or zeros in succession is 100. As a result the minimum frequency of
switching between a one and a zero of the data signal is 6.22 Mbit/s. Using Nyquist we know that the
minimum carrier frequency of the data signal is half the bit-rate. Although the data signal is transmitted
by using a direct detection modulation scheme, we assume that the spectrum of the data signal begins
at half the minimum bit-rate.
When we take a look at the management signal, we see that the spectrum is largely concentrated in the
area between -l/fand l/f(see Figure 4-3).
The middle of these two frequencies is approximately (see Figure 6-5) 200 kHz.

10'

Clock

Bitratefrequjency
management

signal

l

Minimum
frequency

data signal
Bitrate

data signal

Frequency 1Hz) Start of the
spectrum of

the data signal

Figure 6-5 The clock frequency in the middle of the data and management spectrum.

6.2 Optical receiver
The design ofan optical receiver depends largely on the modulation format used by the transmitter. In
particular, it depends on whether the signal is transmitted in an analog or digital format. Since we work
with a digital format, we take a1 closer look at the block diagram of such a receiver (see Figure 6-6) [1].

Preamplifier

Front End Linear Channel Data Recovery

Figure 6-6 Diagram of a digital optical receiver showing various components. Vertical dashed
lines group receiver components into three sections.

Its components can be arranged into three groups: the front end, the linear channel and the data
recovery section. In this chapter we discuss each group separately.

6.2.1 Front end
The Front End ofa receiver consists of a photodiode followed by a preamplifier. In the configuration a
transimpedance front end is used, because of the high sensitivity. During this stage we receive both
data and management signal. Ifdo not make any changes to the transimpedance amplifier [1 and 7] the
maximum gain is limited by the sum of both received powers. As we can see in Figure 6-7, in our
design there are two changes to the standard transimpedance front end.

41



+5V

Cp2
6p

Output

Dp1

SRDC021 '

Figure 6-7 Front End of the Optical RS232 Receiver.

The first change is the capacitor, that is placed parallel to the load resistor. The effect of this capacitor
is a band limitation. It works as a Low Pass Filter with the result that the noise decreases and the
spectrum of the management signal is separated from the data signal.
The second change is the addition of a High Pass Filter between the photodiode and the
transimpedance amplifier. As a result of this the gain can be increased, because we cancel out the DC
component.
Another side-affect is that the thermal noise increases as a result of adding the resistor in front of the
transimpedance amplifier. The extra amount of noise is taken into account by increasing the noise
figure.

6.2.2 Linear Channel
Normally the linear channel in optical receivers consists of a high-gain amplifier and a low-pass filter,
but because we are working with a ASK modulation our Linear Channel consists out of three
components (see Figure 6-8).

Linear Channel

Figure 6-8 The Linear Channel of the Optical Receiver.

In the first section the ASK modulated signal is filtered. As a result of this LPF (and of the HPF in the
front end) we have limited the influence of the data signal and noise. After this section we use a
double-sided rectifier and a LPF to recover the 10 kbit/s signal.
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a)

b)

c) +B

o

d)

Equation 6-1 Transformation proces of management receiver. a) Signal after photodiode. b)
Signal after bandpass filter. c) Signal after double-sided rectifier. d) Signal after Low Pass Filter.

Because we work with a burst mode receiver, we cannot work with a gain, which is automatically
controlled to limit the average output voltage to a fixed level irrespective of the incident average
optical power at the receiver. Therefore the gain of each filter is fixed to operate between certain limits.

6.2.3 Data Recovery
The data recovery circuit is drawn in Figure 6-9.

.
OP484FS

ReD
10k5

OP484FS

R;;lD
2k

Equation 6-2

Figure 6-9 Schematic of the Data Recovery circuit.

We can compare the basic principle of this circuit with a feedback control system with the exception,
that the feedback consists out of a peak-detection. The following equations will clarify this statement.

For the first part of the circuit we can derive Equation 6-2 (We eliminate the effect of the capacitor,
because we work with frequencies far below the cut-off frequency of the filter.).

V· V·
V';npur -2 =2- VI
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Simplifying Equation 6-2 we get:

Equation 6-3

For the peak detector and the amplifier the following equations apply:

Equation 6-4

Equation 6-5

Substituting Equation 6-4 and Equation 6-5 in Equation 6-3 we get

Equation 6-6

Another option is to couple input the peak-detection (V2) to the input of the Data Recovery Unit and
use a circuit which is able to subtract half of the peak of the input of the Data Recovery Unit. This
option will result in Equation 6-6 also.
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7 MEASUREMENTS

7.1 Bit-Error Rate measurement of the management signal
In the following paragraphs the measurements results are given of the BER-measurements of the
management signal. The properties of the transmitters and receivers are given in Table 7-1.
Before we discuss the BER of the management signal, we take a closer look at the cell structure of
signal, that is used by the RS232 protocol.
Then we discuss the measurement set-up, followed by the results and conclusions.

Table 7-1 Properties of the data and management signals

500 MHz

dfmanagement
R
Idark

RL-data

RL-manaagement
Extinction ratiodata
Extinction rati0management
T
Bitrate data signal
PRBSdata

250 kHz
0.9NW
10-9 A

6kQ
105 kQ
7.1 dB
8.1 dB
293 K
622 Mbit/s

7.1.1 Bit-Error-Rate coupled to the cell structure
Since the RS232 protocol describes a burst mode signal, we have to find a way to correspond the Bit
Error Rate to the cells of the burst mode signal. To comprehend this connection, we take a closer look
at the cell structure of an signal, which uses the RS232 protocol. In Figure 7-1 we see that the cell
consist out of 10 different bits and that the first and last bit are respectively the start and stop bit.

Startbit

Figure 7-1 Structure of a RS-232 ceiL

The first way we can achieve the BER is by using the following formula:

BER=l-( NCR )1/8

NCR + NER

where

BER = Bit Error Rate
NCR = Number of Correct cells Received
NER = Number of Errored cells Received
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This formula is based upon the fact that a received cell is correct when every data-bit is received
correctly; so the ratio of correct cells is equal to the chance that eight bit in a row are received correctly
(see Equation 7-3):

NCR = (1- BER) 8

NCR+NER

The other way is to check the number of bit-faults in the received cells.

BER = # faults
8·(NCR+NER)

where

# faults = Number of bit-faults in the data

The latter is more precise than the first one, so we apply Equation 7-3.

Equation 7-2

Equation 7-3

7.1.2 Measurement set-up
Since the transmission capacity is low (10 kbits/s) and the transmission occurs in cells, we cannot use a
normal BER-set for the error measurements. Therefore a special program is written to calculate the
BER using Equation 7-3.
The measurement set-up is given in Figure 7-2. Here we can see, that we use a 3dB coupler to combine
the management signal and the data signal. The data signal is generated by a normal BER-set. By using
the two attenuators before the coupler so that we can arrange the power-coupling ratio ofboth signals.
With the use of the attenuator after the coupler we can change the power received by the photodiode
without changing the power coupling-ratio of the combined signal.

~ -----f.,OO...~A.OOQ'o'l-- ::-f:
~22 Mbitls lnlnsmitrer ~232 receiver

data signal management signal

PC
ER measuremen

Figure 7-2 HER measurement set-up of the management signal
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7.1.3 Measurements results
Because the transmission capacity of the management signal is very low (10 kbit/s), we need to
measure for a very long time to be able to measure an error rate of 10-9

, which corresponds to the
sensitivity of the receiver. For this reason we only measured considerably higher error rates.
In Figure 7-3 we see the results. The BER of the management signal is plotted as a function of the
average power of the management signal. The BER-curve is plotted for several different coupling
ratios.
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Figure 7-3 BER of tbe management signal at different coupling ratios.

In Figure 7-3 we see the degradation of the BER when the coupling ratio is getting higher (the signal
power is getting higher). Ifwe extrapolate the BER-curve we see that the receiver sensitivity lies
around -45 dBm.
Furthermore we see that if the signal power is 15 dB above the average received power of the
management signal the transmission reliability decreases rapidly.
A possible cause is that in our design, we only take care of amplitude recovery instead of amplitude
and clock recovery. When the distortion is increasing pulse narrowing can occur (see Figure 7-4). Since
the RS232 receiver (UART) has prearranged sample moments after receiving a high flank of the start
bit, the result can be that the pulse width is smaller than the distance needed for an error free
transmission.
Ifwe introduce a data clock recovery we may be able to coop with these errors.
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Figure 7-4 Errors due to pulse narrowing.

Another possible explanation is a increase of the RIN of the laser of the management due to reflections
or low speed switching of the laser. In Figure 4-1 we see that the RIN increases as the power decreases.
Since we are working at very low speed the RIN may rise, when the level of the laser is set to an "0" or
"IL". Reflections in the laser and internal reflections (Rayleigh scattering) can increase the RIN up to 
70 dB/Hz.
When we adjust the RIN of the laser of the management signal and the noise figure of the receiver we
get results as given in Figure 7-5.

B ER cu rves management sign al

__+OdB

--+ 5dB
____ + 10dB

____ + 15 dB
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8 Level ofdala signal
compared with the

f--------+--------+--------+----.4..G-{l-1---t level of the
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a:
w
lD

Power management.lgnal [dBm)

Figure 7-5 Theoretical BER of the management signal.

In the simulation we used the following values:
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Table 7-2 Characteristic values of the experiment of Figure 7-5.

RINlaser-data
RINlaser-lII8IIaeemenl

R
l dark

Extinction rati0data

Extinction rati~agemenl

T
Bitrate data signal

-140 dB/Hz
-70 dB/Hz
42 dB
250 kHz
0.9AJW
10-9 A

6kn
7.1 dB
8.1 dB
293 K
622 Mbit/s

A third explanation is given by the random bit pattern of the data generator of the data signal. The
power spectral density (see Figure 4-3) of this pattern (PRBS=227_1) is more concentrated in the lower
frequencies. Therefore Sdd(O) and the effective noise bandwidth increase. As a result the sensitivity is
becoming worse.

7.1.4 Conclusions
When we compare the experimental data of Figure 5-9 with the measurement results, we see that we
lost approximately 20 dB.
Possible explanations for this loss are the limitations in our design. The use of many different building
blocks increases the noise figure. Implementation in an integrated circuit (Ie) should reduce the noise
figure. Furthermore we should introduce a clock recovery, so we can coop with the errors due to pulse
narrowing. Furthermore we should reduce the optical reflections by the use of optical isolators to
decrease the RIN.
Since the measurement data reveals only a small area it is hard to adapt our model to the measurement.
For this reason the values of the set-up cannot be fitted with great accuracy.

7.2 Bit-Error Rate measurement of the data signal
In the following paragraphs the measurements results are given of the BER-measurements of the data
signal. First the measurement set-up is given, followed by the results and conclusions.

7.2.1 Measurement set-up
The set-up for measuring the BER of the data signals differs slightly form the one mentioned in section
7.1.2. Again we see three attenuators to set the power ratio of the data and management signal and to
change the total power received by the photodiode. Instead of using a computer program to determine
the BER, we now can use a normal BER-set.
The management signal now exists of a continued bit-stream with a pattern, which consists out of
switching bits (101010..). Since we want to determine the influence of the management signal on the
data signal, we need a continuous stream of management data and not a burst mode stream. Another
reason for chosen this pattern, is that we want to see if the switching oflevels in the bit-stream ofthe
management influences the results.
The measurement set-up is given in Figure 7-6.

49



-k,. ----1"'00_~Attoo",,~f-±
~232 transmitter ~22 Mbit/s receiver
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BER-set

Figure 7-6 Measurement set-up of the data signal

The receiver of the 622 Mbit/s has a DC-cancellation loop. Since the receiver is not specially designed
for receiving a coupled signal, we try to change the speed ofadapting to a new DC-level to the new
level of the management signal by changing a capacitor outside the cavity of the photodiode.

7.2.2 Measurement results
Since the receiver of the data-signal has a DC-cancellation loop, we did several experiments. Following
the data-sheets the capacitor of the DC-cancellation loop should be 390 pF. We tried two other
capacitors to influence the speed ofadapting to a new DC-level. The following capacitors were used
with the following assumptions:

OF (short circuit)
390 pF (data-sheets)
IOnF

Fast adjustment to new DC-level
Medium adjustment to new DC-level
Slow adjustment to new DC-level

The results of the different experiments are given in Figure 7-7 to Figure 7-9.
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In the above figure we see the BER as a function of the average power of the data-signal. The
measurement is done for several different coupling ratios of the data and management signal.
Ifwe compare the three different figures, we see the best result, when we use a capacitor ofJ90nF. [t
seems impossible to adapt the laser to fast adjustments to new DC-levels.
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Figure 7-9 BER of the data signal, with a capacitor of 10nF (slow)

A way of verifying the fact that this receiver is not suitable for adapting to changes in the DC-level is
to look at the electrical eye-patterns ofthe data signal (see Figure 7-10 and Figure 7-11). The eye
pattern of a receiver after its decision circuit should be distortionless. However, here we can see that
the distortion ofthe signal mainly exists due to the fluctuations of the DC-level when transmitting a "I"
of the management signaL (This can be seen when we change the bit-rate of the management signal
from 10 kbit/s to I bit/s)
Our conclusion is indeed, that this receiver is not suitable for adapting to DC-levels, which change with
the clock-frequency of 200kHz.
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Figure 7-10 Eye-pattern ofthe data-signal when sending a "0" ofthe management signal after
the decision circuit of the receiver.
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Figure 7-11 Eye-pattern of the data-signal when sending an "1" ofthe management signal after
the decision circuit of the receiver.

7.2.3 Conclusions
Ifwe compare the measurement results with the theory of section 5.3 we see that the measurements
follow the numerical results closely. If we tolerate a total penalty of 1.5 dB we will be able to transfer a
management signal, of which the average power is 10 dB down.
Another thing we see is that our data receiver is not able to adjust to changes in the DC-level, which
exists due to the transmission of management signals. The conclusion that we can draw is that the
results may be worse than the theory due to fact, that the decision threshold is not moving as fast as the
received eye. So we have to look for other receivers, which adapt better to these circumstances.
Furthermore we see that the difference between the experiment of Figure 5-11 and the measurement
results is increasing when the coupling ratio decreases (management signal power is increasing in
comparison with the data signal power). In section 7.1 we concluded that the RIN of the management
laser was a possible cause of the degradation in the receiver sensitivity. When the average power of the
management signal increases and the gap between the average power ofthe management and data
signal is decreasing, the influence of the RIN ofthe management laser is becoming an important noise
source. As a result the error rate increases.
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8 CONCLUSIONS & RECOMMENDATIONS

In this report we discussed a model in which management and data signals are multiplexed in one fiber.
As a result of the coupling of these signals the Relative Intensity Noise (RIN) and the shot noise
increase, which leads to a lower sensitivity of the receiver.
Furthermore both signals interfere. Since the two signals have a large difference in the frequency
domain, we used two different approaches to calculate the disturbance. To determine the interference
of the data signal on the management signal we used a bandpass filter to select a small bandwidth.
Between this bandwidth the power spectral density is constant, so we treated the disturbance as a white
noise source.
The interference ofthe management signal on the data signal was calculated by dividing the
combination ofboth signals in separate signal states.

We discussed two different modulation schemes of the management signal. Since we had to filter the
DC-component of the data-signal, the direct detection modulation scheme was replaced by an ASK
modulation scheme. This approach needed a few adjustments in our theory. The use of an double-sided
changed the probability densities of the received signal, which resulted in a translation of the threshold
current.
Furthermore some recommendations were given to implement this principle in a WDM network like
the TOBASCO project. The summation ofcurrents and the possibility of the placement of a photodiode
before the HDWDM and the use of another modulation technique (COMA) are interesting options,
which enables us to reduce the extinction ratio of the management signal and minimise the penalty of
combining the data and management signals.

Since this project is in an experimental phase the laser of the data signal did not transmit the
management signal. A transmitter was designed to modulate the RS232 signal into an ASK modulated
signal. In the receiver design a High Pass Filter was add to a standard transimpedance amplifier and
filters and a rectifier were used to obtain the RS232 format.

The transceiver designed was used in several experiments. To measure the Bit Error Rate (BER) of the
management signal as special program was made to calculate, which was able to send and transmit
signals based upon the RS232 protocol (burst mode). With the use of this program, we did several
experiments, in which we saw that the sensitivity of the receiver was 20 dB worse than an ideal
receiver (in theory). Possible explanations for this decrease in sensitivity are:

• the increase of the Relative Intensity Noise (RIN) due to reflections and due to the low power
output of the management laser during parts of the signal;

• the introduction oferrors due to pulse narrowing. The receiver designed recovers the amplitude,
but does not recover the clock frequency and the pulse shape;

• the power spectral density of the data pattern (PRBS=223-1) consists of high values in the lower
frequencies.

In the BER-measurements of the data signal, we saw that the receiver we used was unable to adapt to
the changing circumstances, caused by the different power levels of the management signal. We saw
noise on the electrical output of the receiver after the decision circuit, which is extraordinary. This
perception shows us that the receiver was not able to coop with these changes in power.

The theory discussed seems to be a theory which can be used to calculate the penalty in the receiver
sensitivity. But the possible explanations have to be checked to be sure this theory is beyond any
discussion.
Furthermore the transmitter of the management signal has to be implemented in the laser of the data
signal. And the receiver has to be improved to become a higher sensitivity. Implementation of the
circuit in an Integrated Circuit (Ie) should reduce the thermal noise and by the use of optical isolators
we should be able to reduce the RIN.
The receiver of the data signal should be able to coop with the different power levels of the
management signal. Since it is very important to reduce the penalty, study to the speed in which
receivers adapt to a moving a patterns is an interesting subject, which can playa major role in future
receiver design.
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ApPENDIX B) LIST OF SYMBOLS AND ABBREVIATIONS

ASK
BER
CDMA
EDFA
Fo

G
h
HDWDM
1(0/1)

Id

Id

kb

L
nsp

ONU
Pd(O/I)

Pm(0/1I1UIH)

Psp

q
R
RIN

~
Sdd
T
M
dVopt

v

a~O/I)

ad

a2
R\N

a2
shot

2a s1lOt-sp
2a sig-sp
2a sp_sp

a\

Amplitude Shift Keying
Bit Error Rate
Code Division Multiple Access
Erbium Doped Fiber Amplifier
Noise figure (EDFA or receivers)
Optical gain EDFA
Planck's constant
High Density Wavelength Division Multiplexing
Average current
Dark current
Threshold current
Boltzmann's constant
Attenuation (fiber and optical splitter losses)
Spontaneous emission factor (EDFA)
Optical Network Unit
Optical power data signal
Optical power management signal
Spontaneous emission noise power
Electron charge
Responsitivity photodiode
Relative Intensity Noise
Load Resistor (receiver)
Spectral density data signal
Temperature or bit time (see context)
Effective noise bandwidth
Optical filter bandwidth
Frequency of the light
Standard deviation of total noise
Variation in the current due multiplexing of signals
Variation in the current due to Relative Intensity Noise
Variation in the current due to shot noise
Variation in the current due to shot-spontaneous beat noise
Variation in the current due to signal-spontaneous beat noise
Variation in the current due to spontaneous-spontaneous beat noise
Variation in the current due to thermal noise
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