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Summary

In present broadband communication networks information is usually transmitted by means of
optical fibres. At the transmitter, electrical data is converted to the optical domain and at the
receiver the opposite operation takes place. Additional fibres can be installed to meet increas-
ing demand for capacity. This method of capacity upgrading is usually referred to as Space Di-
vision Multiplexing (SDM).

However, the potential bandwidth of the optical fibre is much larger than that provided by the
method which is described above. By making use of the wavelength independent behaviour in a
certain wavelength window of the fibre, multiple communication channels can be transmitted
simultaneously in one single fibre. This technology, referred to as Wavelength Division Multi-
plexing (WDM), assigns a separate wavelength (a colour) to each communication channel.
These colours are then multiplexed onto a single fibre and transmitted to the receiver side.
There, the ‘colour channels’  are demultiplexed and subsequently detected by an optical re-
ceiver. The first generation of WDM systems utilises 8 to 16 wavelengths on one fibre
(aggregate capacity of 20 to 40 Gb/s). It is expected that next generation WDM systems will
carry 80 to 100 wavelengths (200 to 250 Gb/s).

One of the disadvantages of WDM technology is the large number of optical components
needed; this affects not only the operational system but also the number of spares that must be
carried. Every ‘coloured’ transmission channel requires a selected laser with a accurately stabi-
lised wavelength. In the case of laser failure, a spare part should be available for each trans-
mitter. The Optical Signal Processor (OSP) which is discussed in this dissertation introduces a
possible solution to this problem. Furthermore, it offers a novel method of modifying signals in
the optical domain.

The main idea behind the OSP is the reuse of optical energy at the receiver side. In many cir-
cumstances these signals are of sufficiently high quality that they can be reused. Hence, within
the OSP there is no optical source (e.g., a laser) to transmit data. In the case of digital data
transmission one needs simultaneous access to both ‘ZERO’ and ‘ONE’ signals at each instant
in order to be able to transmit arbitrary data. However, when arbitrary data is being received,
there is no certainty about the occurrences of the data symbols. Through the application of
channel coding, certainty about the occurrences of ‘ONE’ and ‘ZERO’ symbols can be ob-
tained. A straightforward example is Manchester coding which transmits a logical ‘ONE’ as
‘10’ and a logical ‘ZERO’ as ‘01’. Clearly, upon reception of a ‘1’ symbol, a ‘0’ symbol will
follow within two bits, and vice versa. Now, an arbitrary output signal can be created by prop-
erly delaying the input symbols on a bit-by-bit basis. In this thesis, a number of solutions to
achieve the rearrangement of encoded sequences will be presented. In addition, a family of
channel codes is provided that ensures the desired OSP functionality.

From a network point of view, the application of the OSP can be regarded as a wavelength in-
dependent access to the optical medium (usually denoted as ADM - Add Drop Multiplexer). A
number of applications are discussed, such as the usage of the OSP as ATM cell header re-
placement module. Research has also focused on the performance analysis of a packet
switched ring network in which the OSP is utilised as medium access node. In particular, the



mean waiting time of packets in the access queues and the total throughput of the network has
been investigated. This work reveals that the OSP significantly outperforms similar solutions
that are known from literature.

Beyond doubt, a number of disadvantages are related to the application of the OSP in optical
networks. Amongst others, these are attenuation, crosstalk and timing misalignment (jitter) due
to switching at the bit rate level. According to the research that has been performed, crosstalk
between delayed copies of the received optical symbols could lead to a significant loss of qual-
ity. The cascading effects of amplified spontaneous emission noise due to the insertion of opti-
cal amplifiers and the timing jitter due to switch misalignment will only be dominant if the cros-
stalk is sufficiently suppressed. Another negative aspect is the fact that the OSP employs the
reuse of optical signals and therefore can only be used under the condition that an optical input
signal is available.

It is concluded that the OSP offers a new and alternative method for manipulating and modi-
fying data in the optical domain. Under certain circumstances during signal processing, a num-
ber of signal properties such as wavelength and modulation format can be preserved. Interest-
ing applications can be found in wavelength routed networks in which the OSP can be applied
as a wavelength independent access mechanism. Additional experimental research is needed to
decide whether these advantages counterbalance the disadvantages of this access mechanism.



Samenvatting

In de huidige breedbandige communicatienetwerken wordt informatie veelal verzonden door
middel van glasvezelkabels. Aan de zendzijde worden de elektrische informatiesignalen
omgezet naar optische en aan de ontvangstzijde vice-versa. Tot op heden worden extra
glasvezels geïnstalleerd om aan de toenemende capaciteitsvraag te kunnen voldoen. Deze
manier van capaciteitsuitbreiding wordt vaak aangeduid met SDM - Space Division
Multiplexing.

De bandbreedte van glasvezels is in potentie veel groter dan de hierboven beschreven methode.
Door gebruik te maken van de golflengte-onafhankelijkheid van de glasvezel in een bepaald
golflengtevenster, kunnen meerdere communicatiekanalen tegelijkertijd over een enkele
glasvezel worden verzonden. Deze technologie, aangeduid met WDM - Wavelength Division
Multiplexing - geeft elk communicatiekanaal een eigen golflengte (kleur). Deze kleuren
worden vervolgens in een enkele glasvezel gekoppeld (gemultiplext) en verzonden naar de
ontvangstzijde. Daar worden de ‘kleurkanalen’ eerst uiteengehaald (gedemultiplext) en daarna
gedetecteerd met een optische ontvanger. De eerste generatie van deze systemen kan op deze
manier 16 golflengten in een glasvezel koppelen met een capaciteit van 20 to 40 Gb/s. Naar
verwachting zullen in de nabije toekomst systemen met 80 tot 100 golflengten verkrijgbaar zijn
(200 tot 250 Gb/s).

Een van de nadelen van de WDM-technologie is het grote aantal optische componenten dat
vereist is, zowel in het operationele systeem als in de reservevoorraad. Ieder ‘gekleurd’
transmissiekanaal vereist een geselecteerde laser met een nauwkeurig gestabiliseerde
golflengte. In het geval van uitval moet voor iedere zender (dus voor iedere kleur) een reserve-
exemplaar aanwezig zijn. De OSP - Optische Signaal Processor - die in dit proefschrift wordt
beschreven, levert een mogelijke oplossing voor dit probleem en biedt een nieuwe manier om
optische signalen te modificeren in het optische domein.

De grondgedachte achter de OSP is het hergebruik van energie in de ontvangen optische
signalen. In veel gevallen zijn deze signalen, als ze arriveren bij een ontvanger, nog van
voldoende kwaliteit om te worden hergebruikt. Er is dus in de OSP geen optische bron (bijv.
een laser) nodig voor het verzenden van informatie. Uitgaande van digitale transmissie moet,
om willekeurige informatie te kunnen verzenden met hergebruikte optische symbolen, op ieder
tijdstip zowel een NUL- als een ÉÉN-symbool beschikbaar zijn. Indien willekeurige informatie
wordt ontvangen, dan is over het voorkomen van deze beide symbolen niets met zekerheid te
zeggen. Door toepassing van een kanaalcodering kan deze zekerheid wel worden verkregen.
Het meest voor de hand liggende voorbeeld is de Manchester-codering waarbij een logische
ÉÉN wordt verzonden als ‘10’ en een logische NUL als ‘01’. Het is dan meteen duidelijk dat
bij ontvangst van een ‘1’ symbool, een ‘0’ symbool altijd zal volgen binnen twee bittijden en
omgekeerd. Door nu het ontvangen signaal per bit een bepaalde tijdsvertraging te geven kan
worden gezorgd voor een herschikking van de ontvangen symbolen. Op deze manier wordt het
uitgaande signaal voorzien van nieuwe informatie. In dit proefschrift worden diverse
mogelijkheden beschreven om de herschikking van symbolen te bewerkstelligen. Tevens
worden de lijncoderingen beschreven die nodig zijn voor een correcte werking van de OSP.



Wanneer de OSP wordt toegepast in een netwerk dan kan deze functioneel worden beschouwd
als een golflengte-onafhankelijk toegangsknooppunt tot het optische medium (vaak aangeduid
als ADM - Add Drop Multiplexer). Een aantal mogelijke toepassingen worden beschreven,
zoals de applicatie waarin de OSP wordt gebruikt om het adres van een ATM-cel te wijzigen.
Verder is onderzoek verricht naar de prestatie van een pakketgeschakeld ringnetwerk waarin
de OSP wordt gebruikt als toegangsknooppunt. Er is met name gekeken naar de gemiddelde
wachttijd van pakketten en de totale doorvoercapaciteit van het beschouwde netwerk. Hieruit
blijkt dat de OSP aanzienlijk beter presteert dan een soortgelijke oplossing die beschreven is in
de literatuur.

Natuurlijk zijn er ook nadelen verbonden aan het gebruik van de OSP in een optisch netwerk.
Hierbij kan ondermeer gedacht worden aan demping, overspraak en de onnauwkeurigheid van
het schakeltijdstip (beter bekend als jitter), omdat per symbool moet worden geschakeld. Uit
ons onderzoek blijkt vooral, dat overspraak tussen tijdvertraagde kopieën van het ontvangen
signaal kan leiden tot een aanzienlijk kwaliteitsverlies. De opbouw van gestimuleerde emissie
ruis als gevolg van de toepassing van optische versterkers en jitter wordt pas dominant als de
overspraak voldoende laag is. Omdat de werking van de OSP berust op het hergebruik van
optische energie is een ander nadeel dat geen signalen kunnen worden verzonden als er niets
wordt ontvangen.

Er wordt geconcludeerd dat de OSP een nieuwe en alternatieve manier biedt om informatie te
bewerken en veranderen in het optische domein. Onder zekere voorwaarden kunnen daarbij
een aantal eigenschappen van het signaal, zoals de golflengte en het modulatieformaat,  worden
behouden. Interessante toepassingen kunnen worden gevonden in golflengte geschakelde
netwerken. Hier kan de OSP worden ingezet om een golflengte-onafhankelijke toegang te
verkrijgen tot het medium. Experimenteel vervolgonderzoek zal moeten uitwijzen of deze
voordelen opwegen tegen de nadelen van dit toegangsmechanisme.
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1. 

Introduction

This thesis addresses the design, realisation and application of a novel physical access mecha-
nism. This access mechanism is based on the processing of signals with a so called Optical Sig-
nal Processor, abbreviated as OSP. The OSP has the ability to modify the information content
of data signals while, at the same time, preserving certain properties of the physical carrier.
Applications are generally found in optical communication networks. Before we focus on the
OSP, its functionality, performance and applications, we first give a brief overview of the area
of research in which the work of this dissertation finds its basis.

First, in section 1.1 we give a short summary of the area of optical communication. Then, in
section 1.2, we focus on the different perspectives of electrical and optical networking. In sec-
tion 1.3 we address the transfer modes and the domains for multiplexing that are generally ac-
cepted and which have a widespread area of application. Subsequently, we briefly discuss the
important issues of multichannel communication, interconnection, and switching. Finally, in
section 1.5, we will give a short description and illustration of the OSP and discuss the contri-
butions of this thesis in relation to the field of optical networking.

1.1 Optical communications

When regarded in a historical perspective, the field of optical communications is relatively new
(see Figure 1.1). In the first half of this century, the theory of electromagnetic wave propaga-
tion in cylindrical transmission lines was developed, see e.g. [DeHo10] and [Sc34]. In 1966 it
was suggested that the confinement of light in an optical fibre is, in a way, similar to guiding of
electromagnetic waves in copper wires [KaHo66].

However, at that time the fibres had very high losses and efficient transmitters were not avail-
able. In the seventies, a major breakthrough was made on both the fibres and the sources so
that practical applications became attractive. The performance of a communication system is
often measured in the bit rate-distance product. In Figure 1.1 the progress of the bit rate-
distance product over the last 150 years has been given, together with the new technologies,
techniques and engineering that emerged during that time. In 1978 the first generation com-
mercial lightwave systems operating at 0.8 µm were deployed in an operational environment.

In the eighties it was followed by the second generation fibre optic communication systems
operating at 1.3 µm. These systems provided a larger repeater spacing. In 1990 third genera-

tion fibre optic systems were introduced operating at the minimum loss window of silica fibres
which is around 1.55 µm. Fibre losses of approximately 0.2 dB/km and the development of

single mode lasers again resulted in an longer distance that could be bridged. The fourth gen-
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eration of lightwave systems is concerned with an increase of the bit rate through frequency
division multiplexing and optical amplification to extend the repeater spacing even further. The
commercial introduction of these systems began in 1996 and its success is accelerating at a
great pace. Currently, the fifth generation of fibre-optic communication systems is in the stage
of research and development. It is based on fibre solitons, optical pulses that preserve their
shape during propagation in a fibre.
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Figure 1.1: Increase of the bit rate-distance product during 1850-2000 (after [Ag97]).

In addition to the progress of optical transmission technology, optical research has also pene-
trated the field of switching in recent years. Until now, switching of data signals in, for in-
stance, telephone exchanges, is completely performed in the electronic domain. However, due
to the success of optical transmission it is expected that optical switching technology becomes
a viable and economical alternative to electronic switching as transmission bit rates are further
increasing. In the next section we will discuss this issue in more detail.

1.2 Optical networks

As a general rule, optical networks can be visualised as user-network interfaces that only per-
form electro-optical conversions at the borders of the network. Within the network the data
signal is routed to the destination without undergoing opto-electronic conversions or vice
versa. Hence, these signals are transported through a ‘transparent optical ether’ with a virtually
unlimited bandwidth. This interpretation of an optical network should not be considered as a
strict definition, its purpose is merely to indicate how such a network can be visualised (see
also Figure 1.2).

Over the last few years, consensus is emerging that optical networks offer the potential, both
technologically and economically, to provide for the enormous capacity requirements which
are foreseen in the not-too-distant future. The reasons are that the capacity growth of fibre op-
tic transmission technology is progressing at a much faster rate than electronic switching tech-
nology and that network solutions mainly based on electronics will become increasingly com-
plex and expensive. In addition, it is expected that the reliability of electronic switching sys-
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tems will become a dominant object of concern as electronic systems are pushed towards their
limits [CoHe95]. The significant mismatch between optical transmission and electronic
switching is generally know as the ‘electronic bottleneck’. For example, commercially avail-
able, optical transmission technology can support 40 Gb/s over a single optical fibre and 100
Gb/s has already been announced. Moreover, systems operating at terabit-per-second is in al-
ready reality in some laboratories. On the other hand, electronic switching technology now
supports switch aggregate capacities of approximately 10 Gb/s (155-622 Mb/s per port)
[HuCh96], while laboratory demonstrations show that throughputs of the order of 350 Gb/s
(40 Gb/s per port) is becoming extremely difficult but probably achievable [BuCh96]. Within
this context, alternative and new solutions for routing and switching of high capacity signals
are currently being investigated to alleviate the growing mismatch between transmission and
switching.
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Figure 1.2: General representation of an all optical network.

The role of optics in this area of research is twofold:

1. Transmission technology: Optical techniques such as Wavelength Division Multiplexing
(WDM) and Optical Time Division Multiplexing (OTDM) enable a far greater use of the fi-
bre capacity than is exploited today. In WDM signals on different carrier frequencies (or
wavelengths) are multiplexed onto a fibre such that the available transmission spectrum is
more efficiently used. Hence, the optical bandwidth is split into non-overlapping spectral
bands. In OTDM electrical data streams are directly multiplexed onto extremely narrow op-
tical pulses to compose a (bit-interleaved) time multiplex, again with the purpose to effec-
tively exploit the available transmission spectrum. One foresees that OTDM could also pro-
vide enhanced digital services such as packet routing, signal regeneration, error correction,
encryption, and so forth. After the invention of the doped fibre amplifier, both WDM and
OTDM have become attractive opportunities to expand the capacity of optical fibre trans-
mission systems beyond the point that is achievable with electronic switching rates. At pres-
ent commercial WDM systems are already deployed while OTDM systems are being re-
garded as longer-term technology.

2. Switching technology: The functionality of advanced optical devices offers many possibili-
ties for the construction of switching networks that can accommodate to the capacities that
the optical transmission technology supports. Therefore, this might be an interesting alter-
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native to solve the electronic bottleneck. Such optical cross-connects can help to reduce the
demands on electronic cross-connects by partly replacing its functionality (e.g., for transit
traffic in network nodes). This trend towards all-optical cross-connects has been fueled by
the attractive properties of WDM. In recent years, research has shown that a combination of
optical space switching and wavelength multiplexing and demultiplexing can be used to im-
plement optical cross-connect networks. For the longer term, research is also focused on
switching of signals based on OTDM transmission systems. For these high speed switching
systems rather advanced functions such as time-slot-interchanging, multiplexing and demul-
tiplexing are required. Although some of these functions have been demonstrated, optical
switching of OTDM based signals is also regarded as a longer-term technology.

On the other hand, there is a consensus among the supporters of electronic switching that op-
tics is well suited for the transportation of signals but poor for the processing of signals be-
cause photons can not be located and stored conveniently. The size of photonic devices is lim-
ited by diffraction, which is in the order of one wavelength, making photonic devices much
larger than electronic devices. In this respect one of the driving factors in the progress of elec-
tronics has been the ability to integrate certain functions, thereby masking the complexity for
the system designer [HiHa94]. Since these issues are fundamental limitations of optics, appli-
cation of optics in switching does not appear to be a sensible thing to do in every case.

Roughly speaking, this is the reality today. Supporters of all optical networks argue that elec-
tronic switching becomes extremely difficult and expensive at increasing bit rates. On the con-
trary, opponents of such all optical networks argue that electronic processing and switching is
much more advanced and includes functions like, e.g., synchronisation and digital regeneration,
which are not available in optics. The outcome of this ongoing discussion is not yet clear and it
remains to be seen if and when optical switching technology will become economically viable.

1.3 Transfer modes and multiplexing dimensions

As mentioned before, the main drive for the current interest in optical transmission and
switching technology is mainly due to the enormous increase of bandwidth requirements. This
ever increasing growth of network traffic is fueled by the rapid expansion of existing and new
telecommunication services. Among these services, the growth of Internet traffic is probably
the most dominating one today. In the foreseeable future, other services such as video-on-
demand and multi-media applications will dictate even larger bandwidth requirements. In the
networking community a rule of thumb is a yearly capacity increase of approximately 20-30%.
It is interesting to see the predictions of the overall network capacity requirements that have
been made in recent years (see Figure 1.3). This figure shows that it remains difficult to esti-
mate the capacity growth accurately.

Basically, in electronic networking, three transfer modes are available to deal with these ca-
pacity demands. These transfer modes can distribute the available capacity on a link between a



1.3   Transfer modes and multiplexing dimensions 5

number of channels1. This distribution of capacity is generally referred to as multiplexing. The
degree of multiplexing that is used is said to provide a certain granularity of the available ca-
pacity. Hence, increasing the number of multiplexed channels for a constant total capacity in-
creases the granularity of a network. In addition, a larger granularity in a network ensures a
better provisioning of the resources and provides more flexibility from a restoration point of
view [Fo96].
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Figure 1.3: The trend of capacity demands; the dotted lines represent the capacity
prediction of the year which is attached to it (after [Lu97]).

Next, we will outline the transfer modes that can be distinguished:

1.  circuit-switched services - these services provide connections that are based on semi-
permanent circuits. These circuits guarantee a fixed allocation of the capacity via a fixed
route that is established during the connection set-up. A widely known circuit-oriented
transfer mode is the Synchronous Digital Hierarchy (SDH). In this Time Division Multi-
plexing (TDM) approach tributary channels are multiplexed in a time frame in a byte-
interleaved fashion.

2.  packet-switched services - in these services, which are essentially connectionless, the ca-
pacity is statistically allocated. The route of a packet through the network is selected dur-
ing transmission. For instance, Internet Protocol (IP) supports packet-switched services
with no hard guarantees about the loss, delay or ordering of the packets.

3.  virtual circuit-switched services - these services can be regarded as a combination of the
previous two. Capacity is statistically allocated between the resources (like the packet-
switched service) but the (virtual) connections are set-up prior to transmission (like the cir-
cuit service). E.g., the Asynchronous Transfer Mode (ATM) uses fixed-size cells, consist-
ing of a payload and a header. The combination of the Virtual Channel (VC) and Virtual

                                               
1 Notice the difference between the terms ‘link’ and ‘channel’. A link is defined as the physical means for the
transportation of information, e.g., an optical fiber, and a channel is defined as an allocated amount of r e-
sources (capacity) within a link, e.g., a 64 kb/s voice channel.
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Path (VP) identifier in the header field are used to determine the actual communication
channels.

For the circuit-switched transfer mode, the static allocation of the available resources implies
that, for a certain channel, the capacity is wasted when not used. Hence, the degree of granu-
larity is fixed during the specification of the network. In, e.g., SDH networks the bit rates are
fourfold integer multiples of a STM-1 tributary (155 Mb/s) and currently limited to STM-64.

The difference between the circuit-switched and the virtual circuit-switched transfer mode is
that the latter does not demand a fixed capacity granularity. Due to the statistical allocation of
the resources this transfer mode is more efficient with respect to the distribution of capacity
(i.e., the granularity can be adapted to the user requirements) [ThKa96]. This is especially true
in situations where the provisioning of services is diverse, e.g., both narrowband and broad-
band services with continuous or burst-like traffic characteristics. On the other hand, due to
statistical multiplexing, there is a certain probability that a connection request can not be con-
firmed. Therefore, during call set-up, the Quality of Service (QoS) parameter is used to specify
the probability of cell rejection. Also, for high capacity links in which a relatively large number
of virtual circuits (channels) are being multiplexed, the gain due to statistical multiplexing will
become insignificant as a result of averaging over many circuits.

Transport networks used to be designed for only one particular service. Examples are, amongst
others, the telephone, CATV and computer networks. Also, in the relatively small and dedi-
cated environments of private networks, one usually finds that these networks are optimised
for the specific user requirements. When these networks or the end-users need to be intercon-
nected by means of the public infrastructure it is difficult, or even impossible, for a single
transport mode to provide all these required services. Multiple services are generally provided
by a layered architecture (see Figure 1.4) [FiBa96].

IP

ATM

SDH

Optical network

Optical

service

Circuit
service

Virtual
circuit
service

Packet
service

path

Higher layers

ATM adaptation

ATM layer

Physical

Figure 1.4: a) Layered architecture of transport services with the ability to directly
access the physical medium (after [FiBa96]). b) B-ISDN reference model
(after [Pr93]).

This layering provides the flexibility to support a variety of services, each having its own char-
acteristics. For example, packet switched services can be supported directly by the optical net-
work, or through the virtual circuits of ATM which are, in turn, multiplexed as tributaries into
the SDH aggregate. With respect to the optical service, one could for example think of an op-
tical network which directly offers analogue CATV services to its users. We should emphasise
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that the view of Figure 1.4a is not the only solution to deal with multiple services. Alternative
options are based on the notion that virtual circuit-switched networks, most remarkably ATM
networks, are able to deal with all sorts of services and should be used as standard reference
model (see Figure 1.4b [Pr93]). As a consequence, for the example of the CATV distribution
that was given above, this means that, prior to transmission, the analogue channel should be
modified according to this B-ISDN reference model (i.e. sampled, digitised and processed).

At present, the physical architecture of most broadband networks is based on point-to-point
fibre links with only one wavelength that carries the user information. In this context, the most
commonly used transfer mode is SDH, in which a standardised framing (Synchronous Trans-
port Module - STM) and multiplexing structure is used (see e.g., [G.803] and [Ho90]). Al-
though ATM is receiving a lot of attention nowadays, ATM cells are in almost every case
transmitted according to the SDH standard. At the moment, it remains unclear whether this
situation will change.

Currently, STM-16 frames with a net aggregate capacity of approximately 2.2 Gb/s are in use
for the provisioning of high capacity demands. Just recently, SDH systems that provide net ag-
gregate capacities of approximately 8.9 Gb/s (STM-64) by means of electronic multiplexing
have been announced. As we have stressed in the previous section, both WDM and OTDM
have the capability to further increase these aggregate capacities beyond today’s electronic
rates. Whereas the (electronic) transfer modes just described are all based on TDM, the spec-
tral domain may also be used for the partition of the available capacity. In fact, prior to the in-
troduction of digital communication systems, carrier wave systems operating at different fre-
quencies were used for this purpose (so called Frequency Division Multiplexing - FDM). In
this respect, Optical Frequency Division Multiplexing (OFDM), better known as WDM, can be
regarded as an optical equivalent of FDM transmission. Similarly, OTDM can be seen as the
equivalent of the timeslot interleaving transfer modes. Since both WDM and OTDM are opti-
cal techniques they can utilise the tremendous bandwidth that the optical fibre provides. Con-
sequently, the bandwidth that is allotted to each of the WDM or OTDM tributaries is, in gen-
eral, sufficiently large to completely accommodate a high bandwidth electrical aggregate (e.g.,
STM-16 or STM-64). In chapter 2 we will further discuss the characteristics, the performance
and the limitations of these optical transfer modes.

Finally, we should note that there are other multiplexing techniques to partition the available
capacity on a link. Although we will not consider them in the remaining chapters of this thesis,
we mention them for the sake of completeness. Code Division Multiplexing (CDM), which is a
well known spread-spectrum technique in the field of microwave communications, is receiving
attention in the context of code division multiple access (CDMA) for local-area networks
(LANs) and mobile telephony. This spectral multiplexing technique, which uses a coding for-
mat in such a way that the transmission spectrum is spread over a wide frequency band, allows
for statistical allocation of the available resources. Another technique, known as subcarrier
multiplexing (SCM), is actually a combination of electrical FDM and ‘analogue’ optical trans-
mission. In this multiplexing method, an electrical composite microwave signal consisting of a
number of FDM channels, is directly modulated onto one optical carrier. For more information
on these multiplexing methods refer to, e.g., [Ag97].
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1.4 Multichannel switching and interconnection functionalities

As mentioned in the previous section, the aim of sharing the aggregate link capacity between a
number of tributary channels is mainly to improve the efficiency of the available link resources.
For end-to-end interconnection, switching at the granularity of these tributary channels is used
to further improve this efficiency. E.g., for SDH, switching at the voice channel granularity of
64 kb/s in a local exchange allows us to efficiently fill 2 Mb/s channels. On the other hand, if
we switch between 140 Mb/s channels (VC-4) which are not completely filled, this capacity is
wasted. Historically, this way of networking proved to be the most economical for the trans-
portation of traffic. The term ‘switching’ is used here as the general term for cross-connecting
(semi-permanent connections set up by the network operator), switching (based on connec-
tions set up by user signalling) and routing (the connectionless switching of packets). It is
noted here that the term switching is also frequently used in the context of providing alterna-
tive routes through a network in case of failure, usually referred to as protection switching.

As we have seen, there is a multitude of possibilities to share the capacity on a link. The multi-
plexing domains that have been addressed so far all have the ability to partition the available
bandwidth on one link. Rather obviously, separation into the spatial dimension through Space
Division Multiplexing (SDM) always remains viable when the capacity of a transmission link is
exhausted. Of course, there could also be other reasons for using SDM such as reliability, eco-
nomics, or simply because physically separated network terminations need to be connected. As
a matter of fact, due to the physical diversity of networks, switching in the space dimension on
a link level is a commonly practised method to obtain flexible interconnection patterns (another
possibility is, e.g., the broadcast and select approach that is used in LANs). However, when
channels are multiplexed onto one physical link, additional means are required to obtain flexible
interconnection at the level of channels.

Switching between channels to obtain end-to-end interconnection can take place on each of the
multiplexing domains that we have discussed. In the remainder we will only focus on the most
important multiplexing domains that are currently being considered (i.e., the spatial, temporal
and spectral domain). In order to achieve interconnection at a channel level, demultiplexing of
the link’s channels at the switch input and multiplexing at the switch output are basic functions
that must be performed. For clarification, in Figure 1.5 a ‘plumbing-style’ [De98] has been
employed to illustrate this functionality of interconnecting channels and links in a switching
structure. The ‘pipes in a pipe’ illustration of optical paths corresponds to optical channels in
an optical link.

In Figure 1.5a a terminal multiplexer (or demultiplexer, when viewed in the opposite direction)
is shown. Using this terminal (de)multiplexer in combination with a space switch (Figure 1.5b),
a switching structure arises that allows operation in two multiplexing domains (Figure 1.5c)
such that a channel on an input link can be switched to another channel on any output link. For
this operation to succeed it might be necessary to adapt the characteristics of a channel
(illustrated by the changes of the grey shade).

A space switch is a straightforward implementation of the switching in the spatial domain. Af-
ter demultiplexing of the link, the space switch performs switching on a channel-by-channel
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basis thereby moving channels from one link to another link (the same channel is used on both
links). For the time domain, switching of channels depends on the transfer mode that is being
used. For circuit switched networks in which channels are defined on the basis of the time-
interleaved arrangement of slots in a frame, a Time-Slot-Interchanger (TSI) is needed to move
slots from one place in the frame to another. Clearly, this process involves buffering. For the
virtual circuit switched transfer mode, channels are defined by the VCI and VPI values in the
header of a cell or a packet. Hence, the switching of channels is easily obtained by changing
these VCI and VPI addresses. This switching process is usually recognised as cell header re-
placement or cell header translation. Finally, for the spectral domain, switching of channels in-
volves the transfer of a channel from one spectral band to another. For WDM this process of
wavelength switching is denoted as wavelength conversion (see also chapter 2).

a)

channel

link b)

c)

Figure 1.5: Illustration of multiplexing and switching. a) Terminal multi-
plexer/demultiplexer; b) space switch; c) space/wavelength switch.

In practice there is usually a mixture of interconnection functions which are closely related to
switching and multiplexing. Among these is the Add-Drop Multiplexer (ADM) that is illus-
trated in Figure 1.6. Functionally, the ADM can extract (drop) and insert (add) channels which
belong to a certain link. For its application, the ADM is generally conceived in SDH (ring)
networks where it serves as gateway to extract tributaries from a link and to insert tributaries
into a link. In chapter 2 we will see that the application of the ADM functionality is also found
in wavelength routed networks.
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Rx Tx
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Figure 1.6: Functional representation of an Add-Drop Multiplexer.

1.5 Contribution of this thesis

The ADM is an important access mechanism in a large variety of communication networks, in
local area networks but also in metropolitan and wide area networks. The ADM is often visu-
alised as traffic entering and/or leaving a highway. The OSP which is proposed, analysed and
demonstrated in this thesis can be viewed as an ADM in the most general sense (see also
[RijBo96e]. Its application is, however, not only confined to the standard ADM functionality in
high capacity links, but also in other situations where the information contents of signals need
to be (partly) replaced. The switching function in ATM networks of changing the VCI/VPI
address through header replacement is, for instance, a interesting area for its usage. In each of
these configurations one main property always remains present: the physical signal that trans-
fers the signal ‘drop’ information is recycled and reused for conveyance of the signal ‘add’ in-
formation. In principle this is also true for certain modulation formats that are used (amongst
others, wide band FSK, PSK and OOK). In this way a decoupling of the logical information
that needs to be transported and the physical means for transportation can be achieved.

Processing logical information in the optical domain is also considered in the field of optical
computing and free space digital optics. These research areas rely on optical devices which
have similar functionality as the transistor has in digital electronics. So called optically bi-stable
devices, which can switch between two stable states, are employed to obtain all-optical logic
functions such as ANDs, ORs, etc. With respect to this, the most advanced prototypes are us-
ing the Self-Electro-optic Effect Devices (SEEDs). The relation between the OSP which we
are considering and the area of all-optical processing and computing, is mainly based on the
modification of data in the optical domain. However, it is generally accepted that advanced all-
optical processing is in its early stages of development. Therefore, it will not be considered in
the remainder of this thesis. For an excellent overview of all-optical switching and processing
the reader is referred to [Hi93]. In our view, the OSP can be regarded as an approach to ex-
tend the scope of optics in the field of optical communication beyond the current applications
of transmission and switching.

In Figure 1.7 a functional representation of the OSP has been given. Comparing it with the
ADM that has been depicted in Figure 1.6, it can be observed that the optical transmitter is not
required for the add functionality. Instead, an electronically controlled optical switch array is
used which transforms (i.e., recycles) the optical input signal to the desired output signal. This
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is done in such a way that some of the important carrier characteristics are preserved (e.g., the
wavelength).

Rx

optical
domain

electrical
domain

Optical
switch
array

drop add

Figure 1.7: Functional representation of the OSP as Add-Drop Multiplexer.

This decoupling of the information and the physical carrier is particularly useful in, e.g., wave-
length routed networks where a large number of wavelengths are in use and a tight wavelength
allocation scheme is practised. In such networks the OSP could relieve the demands on wave-
length monitoring and control. Also in networks where only a part of the information stream
needs to be replaced (e.g., header replacement), it is advantageous that the wavelength of the
physical carrier remains the same (e.g., to prevent dispersion induced misalignment of signals
with slightly different wavelengths). On the other hand, due to the principle of operation, in-
formation can only be inserted into the link if an optical input signal is available at the drop
port.

The OSP was proposed for the first time in [RijBo96c]. As a first introduction, in Figure 1.8
one particular configuration of the OSP has been illustrated. The principle of operation can
easily be explained if we assume that the optical signal is modulated with a Manchester channel
code. Recall that for Manchester coding the signal transition denotes the data symbol that is
encoded. Hence, a data ZERO is transmitted as ‘10’ and a data ONE as ‘01’. The main task of
the OSP is to provide temporal reversion of the biphase encoded input signal, in case this is
required. In other words, independent of the input sequence, the OSP must be able to output a
ONE (‘10’) or a ZERO (‘01’).

Rx Node control

Input

Alignment
delay

2TB

drop
add

OutputTB

electro-optical
switch

Figure 1.8: Illustration of the Optical Signal Processor.

The configuration of Figure 1.8 can be used to perform this task. Assume that TB equals the
duration of an encoded signal (i.e., the duration of a data ONE or ZERO equals 2TB). First, the
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encoded signal is split into three branches and is delayed by 0TB, 1TB and 2TB, respectively.
This procedure effectively represents an optical version of serial-to-parallel conversion. The
outcome of this conversion is that a ‘1’-signal and a ‘0’-signal are both simultaneously acces-
sible at one of the electro-optical switch inputs at every timeslot. By correct control of this
switch, the required signal bit can be directed to the OSP output.

If the ‘drop’ data equals the ‘add’ data, the input data sequence is simply delayed by one bit
period TB and forwarded to the OSP output using the electro-optical switch. If the ‘drop’ data
and the ‘add’ data are not equal, the Manchester representation at the input should arrive at the
output in reversed temporal order (i.e., ‘01’→‘10’ or ‘10’→’01’). This can be achieved by

adjustment of the gate such that the second bit is selected from the undelayed branch (thereby
appearing as the first bit at the output) and the first bit is selected form the branch having a
delay of 2TB (and thus emerging as the second bit at the output). In Table 1.1 an overview of
the delays that are required per bit is given. Note that the 1TB offset, that is inserted when no
bit reversal is needed, guarantees a consecutive output sequence because signals can not be
switched forward in time.

Table 1.1: Required delay (per bit symbol) to enable signal processing

input

output 01 10

01 1TB, 1TB 0TB, 2TB

10 0TB, 2TB 1TB, 1TB

An outline of the contents of the remaining chapters is given below.

Chapter 2 gives a discussion of optical networks. First, we will deal with the optical multi-
plexing strategies, SDM, WDM and OTDM, and discuss their practical technologies, applica-
tions and limitations in optically switched and routed networks. The transparency of all optical
networks is very often used as a compelling argument for developing these networks. We will
give an overview of the discussions and definitions that are found in the literature and assess
the implications to obtain a clearer understanding of its actual value.

Chapter 3 introduces the OSP concept and principle of operation in common terms. This prin-
ciple relies on a specific method of channel coding that is closely related to Runlength-Limited
channel coding, known from magnetic and optical recording. Based on the functionality of the
OSP, the knowledge found in this area of research is outlined. Subsequently, the OSP as a
means for insertion and extraction of logical information on a communication link is considered
at a conceptual level. Three OSP types are distinguished: 1. the modulation format independent
serial OSP, 2. the modulation format independent parallel OSP and 3. the parallel OSP that
only can be applied to intensity modulated systems. For each of the OPS types, the channel
coding, its efficiency and its realisations are given. Furthermore, some of the most important
applications are discussed and for one of the OSPs experimental results are shown.
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Chapter 4 deals with the OSP from a transmission performance point of view. In this context,
the scope is narrowed to application of the most realistic OSP with respect to issues such as
attenuation, crosstalk, noise contribution, switch performance and system jitter. One-by-one,
these performance measures are analysed and their power penalty on the system is evaluated,
for a single stage OSP as well as for a concatenation of such stages.

Chapter 5 considers the OSP from a network performance point of view, and especially the
application of concatenated OSP nodes as ADMs in a local area optical ring network. Here, a
comparison is made with an existing network that was found in literature and that will be used
as a reference. For the optical ring networks the access protocols are described on a high level
of abstraction. Furthermore, their performance is assessed in terms of throughput and mean
waiting-times, both according to analytical evaluation and computer simulations.

Chapter 6 summarises the work that is presented in this thesis. The overall conclusions and
achievements are given as well as an overview of the future research that should be done to
supplement and complete the work that is presented here.
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2. 

Multiplexing and switching in optical networks

In chapter 1 a brief overview has been given of communication networks, and the transfer
modes that are generally in use as transport services. In this chapter we will look in some more
detail at the current stage of optical networks, their technologies, applications and limitations.
With respect to these optical networks, we addressed three optical multiplexing techniques that
can be adopted to increase the capacity in optical networks. The first technique is SDM. In this
straightforward approach the increase of capacity is obtained through the installation of fibre
links. The second approach is WDM, which uses the large bandwidth of the fibre to create
non-overlapping wavebands. OTDM is the third multiplexing method that employs the time
domain by adopting high speed interleaving of optical pulses. For these optical multiplexing
techniques new switch and network configurations are being considered and developed. These
subjects will be covered in section 2.1 and 2.2. The focus of this chapter will be on broadband
optical networks which are foreseen in WANs. For these architectures the topologies are
mainly based on ‘wavelength routing’ in meshed and ring networks. In other topologies such
as MAN and LAN architectures optical multiplexing techniques may also find their applications
(e.g. broadcast-and-select and passive optical networks). More information on this topic can be
found in [FiBa96]. In section 2.3 the limitations and constraints of the multiplexing technolo-
gies will be addressed.

One of the advantages of all-optical networks many believe in is known as ‘optical transpar-
ency’. It is said that the transparency of network elements allows for flexible networks because
multiple transport services, with different characteristics such as bit rate, modulation and frame
format, can all make use of the same optical network topology. However, if one scans the lit-
erature on this topic, it seems that there is no clear understanding of what is really meant by
‘optical transparency’. In section 2.4 we will give an overview of the current opinions with the
purpose to obtain a better understanding on this topic.

2.1 Optical multiplexing

In this section we discuss the most important multiplexing methods that are being considered
for broadband optical networks. An overview of these methods and their domains are listed in
Figure 2.1. Because of the physical diversity of links in a network, the space domain is consid-
ered as a basic domain that is used for interconnection. In addition to that, in this section
WDM and OTDM will be considered from a transmission point of view. In the next section the
switching strategies will be presented.
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Figure 2.1: Overview of the multiplexing and switching strategies versus the multi-
plexing domains.

2.1.1 Wavelength Division Multiplexing

As discussed before, WDM is considered as the optical multiplexing method that will find its
application in networks in the short term. For point-to-point links the technology is already
commercially available for more than two years now (e.g., 80×2.5 Gb/s systems have been an-

nounced by Lucent Technologies for the end of 1998). A next step in these systems will be the
implementation of point-to-multipoint links through the use of Optical Add-Drop Multiplexers
(OADM). OADMs are key component that enable routing on the basis of wavelengths (see
section 2.2). Standardisation bodies are now in progress to specify these systems. In this con-
text, one of the actions that has been taken is the definition of a wavelength grid. At present,
50 wavelengths have been defined at a spacing of 100 GHz (~ 0.8 nm) in the 1.5 µm window

[G.692].
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Figure 2.2: Schematic representation of a WDM point-to-point system.

In Figure 2.2 a schematic realisation of a WDM point-to-point link is shown. Modulated opti-
cal carriers, each having a different wavelength, are multiplexed onto one fibre and, at the de-
multiplexer the reverse process is taking place. For the WDM multiplexer and demultiplexer
devices are needed that enable spatial-to-spectral conversion, and vice versa. Wavelength
(de)multiplexing can be achieved in a number of ways. The most straightforward method is the
use of broadband optical couplers/splitters and optical filters. Other methods use interference
phenomena to spatially distribute wavelength channels, e.g., the Arrayed Waveguide Grating
(AWG) [Sm88]. One of the most attractive properties of wavelength (de)multiplexers is their
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passive nature and reciprocity which greatly simplifies their application in networks (although
in most cases temperature control will be required). In equivalence with the terminal multiplex-
ers in a SDH network, the wavelength (de)multiplex functionality is also known as Wavelength
Terminal Multiplexing (WTM - see also section 2.2).

In addition to the tremendous increase of capacity on a single fibre link, WDM offers the ad-
vantage that a single optical amplifier (e.g. an Erbium Doped Fibre Amplifier-EDFA) can com-
pensate for the losses that are incurred on the fibre link for all wavelength channels simultane-
ously. This contrasts with the currently deployed systems in which after a certain transmission
span electrical regenerators are deployed to reshape, retime and retransmit (3R regeneration)
the received signal. In these systems the 3R regeneration is performed on each signal sepa-
rately. Although optical amplifiers can handle a multitude of channels simultaneously, it should
be stressed that the functionality of an optical amplifier is not exactly the same as an electrical
regenerator because it only amplifies the modulated signals (1R regeneration). Furthermore,
Amplified Spontaneous Emission (ASE) noise is added to the signals at the amplifier output. In
a way, an analogy can be made with the FDM carrier systems that were used in the 1960s.
These systems employed broadband electrical amplifiers to re-establish the amplitude of all the
multiplexed channels simultaneously.

2.1.2 Optical Time Division Multiplexing

For OTDM, the multiplexing and demultiplexing of high speed optical pulses requires a
timeslot interleaving stage. At present, research is focused on single wavelength point-to-point
systems in which a temporal interleaving of electronic tributaries (up to approximately 10Gb/s)
is performed. Schematically, such a OTDM system can be depicted as shown in Figure 2.3.
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Figure 2.3: Schematic representation of an OTDM point-to-point link.

A train of narrow return-to-zero pulses is generated by a high speed source (e.g., a mode-
locked laser) and input into a time-interleaver. This interleaver consists of a number of parallel
branches, each having a fixed fibre delay line such that interleaving of the pulses is realised.
The electronic tributaries drive optical modulators to compose the OTDM frame at the aggre-
gate data rate. An interesting feature of such a high speed transmitter is the moderate band-
width of the modulators compared to the aggregate bit rate.
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At the demultiplexer stage, a number of different options are available to access the tributary
data signals, e.g. the non-linear optical loop mirror (NOLM) [JiMa92] or demultiplexing based
on FWM [WeAg96]. Functionally these demultiplexers can all be represented by a synchro-
nised optical switch which runs at the tributary data rate such that it passes one timeslot chan-
nel per frame to the detector. Using these techniques, demonstrations have shown data rates up
to 500 Gb/s [MoTa96].

2.2 Switching functionalities

In this section we will look in more detail at the functions which are required to establish
spectral and temporal end-to-end connections based on WDM and OTDM channels in an opti-
cal network. Again, we will deal with each of the multiplexing techniques separately.

2.2.1 Wavelength routing

With the arrival of WDM as a means to increase the capacity of transmission links research is
also focusing on the application of WDM for all-optical routing and switching. Due to the
technological advances of wavelength (de)multiplexing and optical space switching significant
progress has been made in recent years. Some years ago, the initiation of WDM networking
was fuelled by the conception that the wavelength domain adds a new degree of freedom to
networks which could lead to the development of new networking concepts. However, up to
now, reality has shown that the wavelength domain just has been embedded in existing system
concepts. However, due to the fact that time synchronisation is avoided WDM techniques are
of particular interest in high bandwidth cross-connect applications [ThKa96].

Application of wavelength (de)multiplexers in an optical network allows for the routing of
channels towards a certain destination on the basis of their wavelength. Hence, essentially
analogue, end-to-end connections can be established through a network without the interven-
tion of electronics. This process is generally referred to as ‘wavelength routing’. Furthermore,
in combination with spatial switching, dynamic network reconfiguration can be obtained. In
addition to system noise contributions (e.g., optical amplifiers), the quality of the analogue
end-to-end connections that are established using wavelength routing are largely determined by
the crosstalk impairments (section 2.3.1). Other important parameters to limit optical net-
working based on wavelength routing are: available number of channels, channel spacing, in-
sertion loss, polarisation dependence, temperature dependence, cost, etc. Consortia all over the
world are working on network demonstrations to assess the implications and limitations of this
new networking approach (see e.g., the European ACTS Photonic Technologies Domain
[Ac98]).

It turns out that establishing an end-to-end connection based on wavelength routing is similar
to the set-up of tributary channels in circuit switched networks (e.g., SDH). In Table 2.1 these
similarities are shown. Again, it should be stressed that the similarities for the regenerator are
somewhat indistinct because of the different nature of the 1R and 3R regenerator
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Below, we will give a classification of each of these subsystems in terms of routing functionali-
ties.

a) b) c)

Figure 2.4: Categorisation of Wavelength Terminal Multiplexers. a) fixed single-
channel, b) configurable single-channel, c) multi-channel.

• Wavelength Terminal Multiplexer (WTM).

This function represents both the wavelength multiplexer and demultiplexer. It can be fur-
ther subdivided into three categories (see Figure 2.4): 1) fixed single-channel (e.g., inter-
ference filter), 2) selectable single-channel (e.g., tuneable Fabry-Perot filter), and 3) multi-
channel (e.g., AWG).

a)

 

b) c)

Figure 2.5: Functional representation of Optical Cross Connects. a) Link routing,
b)Wavelength routing without wavelength conversion (blocking), c)
Wavelength routing with wavelength conversion (non-blocking).

• Optical Cross Connect (OXC)

A fibre OXC only performs spatial routing on a link level (Figure 2.5a). In a wavelength
selective OXC a combination of spatial switching and the WTM functionality is found. In
Figure 2.5b a wavelength blocking OXC is shown. Blocking arises from the fact that some
input channels can not be connected to output channels because these are already occupied.

Table 2.1: Similarities between circuit switched and wavelength routed networks.

Circuit switched networks Wavelength routing networks
Terminal Multiplexer Wavelength Terminal Multiplexer
Add-Drop Multiplexer Optical Add-Drop Multiplexer
Regenerator (3R) Regenerator (1R)
Cross-Connect Optical Cross-Connect
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In order to obtain a strictly non-blocking architecture wavelength translation will be re-
quired (indicated by the grey shade transitions in Figure 2.5c). Possible ways to achieve
space switching are based on refractive index changes in materials such as LiNbO3 (e.g.,
Mach-Zehnder switches) and optical amplifier based gates (e.g., SOA gates).

a) b) c)

Figure 2.6: Functional representation of Optical Add-Drop Multiplexers. a) Flexible
OADM, b) Fixed OADM, c) OADM with drop and continue.

• Optical Add-Drop Multiplexer (OADM)

The OADM adds and/or drops tributary (wavelength) channels to and/or from a link. For a
flexible OADM spatial switches and WTMs are needed (Figure 2.6a). For fixed OADM
functionality only WTMs are required (Figure 2.6b). Alternative options, such as a fully
flexible OADM that provides ADM operation at each wavelength channel, can be obtained
by further exploitation of space switches. When combined with wavelength conversion de-
vices, non-blocking cross-connect functionality may also be included. The drop and con-
tinue function, which may be useful for multi-cast operation, can be achieved by using opti-
cal splitters (Figure 2.6c). In literature one can find many OADM implementations, based
on the large diversity of space switches and WTMs. Of particular interest are the reconfig-
urable integrated OADMs based on AWGs in which the complete OADM routing func-
tionality is located at a single optical chip [Vr97].

• Optical regenerator

At present, a pure optical regenerator to performs reshaping, retiming and retransmission
(3R) is not available. The optical amplifier is used as regenerative device, however, with
only amplification (a limited form of signal reshaping - 1R) capabilities. It has been recog-
nised that this functionality is of major importance to extend the reach of optical
(wavelength routed) networks (see [Ec97]). In this context, an interesting approach is the
optical wavelength converter based on Cross Phase Modulation (XPM). Due to the highly
non-linear transfer function this device shows a significant noise reduction behaviour
[MiDa96]. An alternative way to proceed could be to perform regeneration in the elec-
tronic domain. However, this would result in an interruption of the optical end-to-end con-
nection. The impact of this will be discussed in section 2.4.

2.2.2 Timeslot routing

Whereas in wavelength routing networks the issue of temporal synchronisation is avoided, in
networks based on OTDM this is an essential function. As discussed before, in point-to-point
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OTDM systems synchronisation is obtained because the high speed optical pulses that are in-
terleaved originate from one optical source (see Figure 2.3). Channels are defined on their lo-
cation (i.e. their timeslot) in this interleaved time multiplex. Routing of OTDM channels in an
optical network is based on temporal demultiplexing and subsequent interleaving of timeslot
channels. However, when OTDM signals that are generated at geographically different loca-
tions arrive at a network node, synchronisation between them is essential to obtain time-space
switching. In fact, the functionality that is required is similar to the functionality of electrical
time-space switches such as electrical cross-connects or ADMs. In these electrical systems,
elastic digital buffers are implemented to obtain network synchronisation.

In addition to that, switching between temporal channels is achieved by means of a Time-Slot-
Interchanger (TSI) that moves slots from one position in the frame to another. In electrical
TDM networks this function is also easily implemented by using electronic buffers that store a
complete TDM frame. Switching can then be accomplished by selecting the timeslots in an-
other temporal order. In OTDM networks one of the main problems is the absence of an pho-
tonic logic memory element that can be switched with sufficiently low energy for application in
communication networks. In most of the system demonstrations fibres are in use as buffering
element with a fixed time delay. In addition, recirculating fibre loops can be used to avoid long
spans of fibre when long buffering is needed.

In literature some proposals and implementations of the TSI function can be found, e.g. in
[HuSm93], [ThHu96]. The systems that are examined omit the problems related to synchroni-
sation and only focus on the TSI function in conventional Time-Space-Time (TST) networks.
Until now, high speed demonstrations of this function have not been reported. For timeslot-
interleaved OTDM frames of duration Tts the TSI can schematically be presented as shown in
Figure 2.7. In this feed-forward switched delay line structure, timeslots can be delayed with
respect to other timeslot such that switching in the time domain is obtained. In chapter 3 we
will further focus on this functionality because of its relevance in relation to the OSP.

output

Tts

input

Tts Tts

Figure 2.7: Practical example of a Time Slot Interchanger.

In general it can be stated that, due to the lack of optical logic and buffering, networks based
on OTDM transmission technology are not achievable yet. Apart from the technological issues,
also more research is needed on the networking aspects such as the relation with networks
based on WDM. By some people it is envisaged that OTDM will serve as interconnect high-
way to ‘islands’ that employ WDM networking [Ma95]. However, at this time it is still rather
unclear what the (economic) benefits are.

2.3 Multi-channel performance degradations and limitations

There are a number of effects that can degrade the performance in a multichannel communica-
tion system. An important design issue is the level of interchannel crosstalk, the transfer of
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power from one channel to another. For WDM and OTDM the dominant mechanisms which
degrade the performance are not the same. Below, we will briefly discuss these issues.

2.3.1 Limitations in WDM networks

In [LaGi96] a very instructive outline of the different types of crosstalk has been given which
will be summarised here. Basically, we can distinguish between the non-linear crosstalk that
originates from the non-linear effects in optical fibres and linear crosstalk that emanates from
non-ideal components such as, e.g., optical filters and switches (see Figure 2.9).

OPTICAL CROSSTALK

LINEARNONLINEAR

OUT-BAND
outside optical band

IN-BAND
inside optical band

HETERODYNE
outside electrical band

HOMODYNE
inside electrical band

COHERENT
phasecorrelated

INCOHERENT
not phasecorrelated

FWM SRS SBS

Figure 2.9: Overview of the different types of crosstalk components that can be distin-
guished in a multichannel optical network (after [LaGi96]).

Non-linear crosstalk imposes a constraint on the product of the number of wavelengths and
distance. In the following, we first give a short overview of the most important non-linear ef-
fects and their impact on WDM systems which employ direct detection receivers [Ma95]:

• Four Wave Mixing (FWM) generates crosstalk channels at sum and difference frequencies
when two signals at different wavelengths interact through the non-linear refractive index
of the fibre. Its magnitude increases whenever the channel spacing and fibre dispersion are
small enough to satisfy the phase-matching condition [Ag97]. The generation of these new
components degrades the performance in two ways: 1. the power of the original wave-
length channels decreases, thereby increasing the BER, and 2. in an equally spaced WDM
system, the newly generated signals may coincide with other wavelength channels. In
Figure 2.10 its impact on the channel power has been depicted as a function of the number
of channels [Ch90]. Possible techniques to overcome this limitation are the use of unequal
channel spacing [FoTk94] and mid-span spectral inversion [Ar96].

• Stimulated Raman Scattering (SRS) occurs in optical fibres when an intense pump beam
propagates through it (or, alternatively, a large number of channels). The light in the fibre
interacts with molecular vibrations such that scattered light is generated at other wave-
lengths than the incident light. Hence, like FWM, energy is transferred between frequency
channels, thereby generating crosstalk. In Figure 2.10 the impact of this effect has been de-
picted.
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• Stimulated Brillouin Scattering (SBS) can also result in the transfer of power from high-
frequency to low-frequency channels when the channel spacing equals the Brillouin shift.
However, unlike SRS, the Brillouin gain bandwidth is extremely narrow (10-100 MHz)
such that the channel crosstalk can easily be avoided [Ag97]. The main limitation of SBS is
that it limits the channel powers to approximately 10 mW [AoTa88] (see Figure 2.10).
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Figure 2.10: Channel power limitations versus number of wavelength channels for dif-
ferent non-linear effects occurring in optical fibres with 1 dB power pen-
alty (after [Ch90]).

In a linear WDM channel, crosstalk will occur between channels due to, e.g., the non-ideal
nature of optical components. This type of crosstalk can be separated in in-band and out-band
crosstalk.

• Out-band crosstalk, sometimes referred to as ‘interband’ crosstalk, is defined as being out-
side the optical band of the detector, or, in case of WDM, crosstalk that emanates from a
channel with a different wavelength. E.g., consider a non-ideal optical filter that also passes
some power of adjacent channels to the detector.

• In-band crosstalk, also known as ‘intraband’ crosstalk, is transfer of power of nominally
equal wavelengths. This kind of crosstalk may, e.g., occur in optical cross connects in
which (almost) equal wavelengths are combined on the same link. This unwanted combina-
tion of equal wavelength components may arise from the non-ideal isolation of the
switches. Because it can not be removed with optical filtering this is one of the most
harmful crosstalk effects that increases with the number of nodes. It has been acknowl-
edged as one of the limiting factors in the design of optical networks because it can not be
removed by additional filtering once it has been added to the signal. Due to the interfer-
ence, this type of crosstalk introduces bursts of errors rather than isolated erroneous bits
(see e.g.,[Gi96]).
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If the optical frequency difference between the carrier and the crosstalk component is less than
the receiver’s bandwidth the effect is called homodyne crosstalk. The beat products of these
carriers will then be visible for the electrical part of the receiver and produce additional noise.
Finally, we can distinguish between phase correlated and non-phase correlated homodyne cros-
stalk. In the first case, one can think of signals originating from one source, that are split and
combined within the coherence length. In the second case, the uncorrelated phases of the sig-
nals will produce fast fluctuations of the signal, an effect which is also know as phase-to-
intensity noise.

2.3.2 Limitations in OTDM networks

It turns out that many of the multichannel crosstalk effects that are apparent in WDM transmis-
sion can be avoided by using OTDM because only one carrier is present. However, OTDM is
still in its early phase of research and it remains unclear whether it is useful to extend the ca-
pacity×distance product. Obviously, transmission impairments like chromatic dispersion and

polarisation mode dispersion have to be carefully considered at the high data rates that are
used for OTDM. As a result of this, dispersion management is one of the major areas in current
research (see e.g. [Ec97]). Alternatively, the soliton transmission technique involves the use of
a carefully chosen pulse shape such that the spreading effect associated with linear dispersion is
balanced by the compression associated with self-phase modulation [Ag97].

Current OTDM research is almost completely focused on point-to-point links and on ways to
obtain high rates sources, multiplexing and demultiplexing stages. However, at the high bit
rates that are being considered it appears that configurable OTDM networks are more attrac-
tive than simple OTDM point-to-point links. To achieve this, synchronisation of geographically
separated high speed sources is needed which is extremely difficult to achieve. As opposed to
WDM, the present status of OTDM only considers bit-interleaved multiplexing using digital
tributary channels. A touted advantage of WDM is its flexibility towards modulation format,
transmission bit rate and transport mode. Although one may conceive of an OTDM system in
which each slot in a frame carries a different modulation format and/or bit rate, this flexibility is
not expected in the near future. On the other hand, OTDM has some interesting potentials to
enable optical logic at the bit rate such as error control, regeneration, encryption and error
monitoring [FiBa96].

2.4 Transparency in optical networks

If one envisages an all-optical network based on wavelength routing and puts aside all techni-
cal difficulties and impairments, each end-to-end connection that is established through a cer-
tain waveband can be regarded as an ‘optical ether’. Within this waveband a connection can be
established, more or less, regardless of the characteristics of the signal (i.e. analogue, digital,
power level, framing format, modulation format, bit rate, etc.). In literature such a connection
is commonly referred to as being ‘transparent’.

The reason for dealing with the issue of transparency is the alleged increase of network flexi-
bility, for both the user and the provider of the network. A fully transparent channel may be
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used to establish a connection at any bit rate, modulation format, power level, wavelength etc.
For the network provider it means that, instead of only supporting one (or a few) transport
services, a large diversity of services can be provided by a single physical network architecture.
It is not clear yet to what extent transparency is required and/or desired. The more flexibility is
supported, the larger the number of user network interface (UNI) specifications. This contrast
with the aims of B-ISDN to support the whole range of services over a limited number of stan-
dardised UNIs.
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Figure 2.11: Overview of data transmission characteristics and transparency classifica-
tion according to [BiHu96].

In [BiHu96] a classification has been made of the extent of transparency that an end-to-end
connection may have (see Figure 2.11). According to this classification four levels of transpar-
ency are identified, 1T, 2T, 3T and 4T respectively. These levels are defined as follows:

• 1T-transparent: independent of the transmission format
• 2T-transparent: independent of the clock frequency and the transmission format
• 3T-transparent: independent of the channel code, clock frequency and transmission format
• 4T-transparent: independent of the modulation format, channel code, clock frequency and

transmission format.

Signal characteristics such as the power level, the signal wavelength, the polarisation, etc. are
not defined within this classification. Alternatively, in [ThKa96] the term optical transparency
is used for a communication link in which no opto-electronic and electro-optic conversion is
performed. Furthermore, coding transparency and bit rate transparency are used when the sig-
nal routing is independent of the transmission format and bit rate, respectively. Finally, ac-
cording to Webster’s dictionary [We13] transparency is defined as: ‘Having the property of
transmitting rays of light, so that bodies can be distinctly seen through’.

Based on these definitions it is felt that a more thorough assessment of the notion of (optical)
transparency is useful to gain a better understanding of its actual meaning, and above all, its
relevance. The word transparency is frequently used as an argument to justify the use of optical
functions as a potential alternative to the electrical equivalents. According to the definition of
[FeSt98], data communication is: ‘the transfer of information between functional units by
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means of data transmission according to a protocol’. In this context ‘data transmission’ is de-
fined as ‘the sending of data from one place to another by means of signals over a channel’.
For our evaluation this definition can be translated to ‘the transfer of data between two (or
more) physically separated locations A and B’. For data transmission, the quality of the infor-
mation transfer is usually defined in terms of Bit Error Ratio (BER). Although this may all
seem rather straightforward, in our perception the definition of transparency should be linked
to the intended aim of data communication. We arrive at the following definition for a trans-
parent communication channel:

Definition 2.1: A communication channel that transfers information according to a given BER
constraint from a source to a, physically separated, destination is transparent
to the information, and non-transparent to the physical location.

Although this definition may seem trivial, we use it because it shows that a network element is
by definition non-transparent to the functions (both intended and unintended) that it performs.
In addition, a network element can be defined as ‘optically transparent’ to a particular signal
characteristic if the signal remains in the optical domain. Consider, for instance, a narrowband
optical filter that is able to select one wavelength channel in a WDM network. By definition,
this filter is not optically transparent to the signal wavelength. On the other hand, the choice to
select other signal characteristics such as the applied modulation format, the bit rate and the
power level  is (within certain limits) independent of the applied filter. Hence, it can be said
that the optical filter is optically transparent to the modulation format, bit rate and power level.
Of course, for each signal characteristic there is a certain window of operation in which the
term (optical) transparency is relevant. Furthermore, in case the performance of a link is un-
satisfactory, supplementary functional elements must be included into the link to restore the
end-to-end transparency. Some examples are dispersion compensation to combat fibre disper-
sion and optical amplification to account for fibre attenuation.

The definitions that are discussed here do not consider or specify the time that is related to the
transfer of information. Considering practical applications it is found that temporal transpar-
ency can never be achieved. Instead we can speak of relative temporal transparency such that
the information arrives at the destination in the same order as it was sent. For instance, in cir-
cuit switched networks relative temporal transparency is easily preserved whereas in packet-
switched networks (e.g., the Internet) special protocols are implemented to re-establish the
relative temporal transparency when packets arrive out of sequence.

From this discussion it can be concluded that the extent of optical transparency in a communi-
cation link can just be regarded as one possible approach to achieve end-to-end connectivity.
From a data communication point of view there is no difference between a system with or
without optical transparency. Essentially, the large bandwidth and the analogue nature of opti-
cal network elements increases the flexibility towards the use of different bit rates, the signal
formats, the channel codes, the modulation formats, power levels etc. Depending on the im-
plementation and the technology some of these optical functions are more limited in their usage
than others. Most networks are designed according to certain standards in which the flexibility
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that the optical transparency provides is not required, or may not be used. E.g., the use of
multiple modulation formats and bit rates in a SDH network is strictly limited. Looking at the
introduction of WDM in networks, we see that the optical amplifier is a preferred substitute for
the electronic regenerator to extend the reach of a link. The main reasons for this preference
are of an operational and economical nature (e.g., decrease of the channel costs, flexibility to
increase the number of channels, reduction of the stock, etc.). Another reason is that the entire
functionality of an electronic regenerator (reshaping, retiming and retransmission) for restora-
tion of the signal is not required in every network node.

The choice for the extent of optical transparency needs to be traded-off against network per-
formance, size and operational issues like flexibility and costs. The outcome of this trade-off
depends on the actual functionality that is required and needs to be considered per network
element. At present and also in the foreseeable future connections will be generated and termi-
nated by electronics because these are far more developed than photonics. Therefore, the ar-
gument that optical transparency may be used to overcome the electronic bottleneck is not
very compelling. As photonic technology progresses and wavelength routing networks become
practical it is expected that a large number of wavelengths will be applied in such networks.
Already at present standardisation bodies have started to define a WDM wavelength grid with
100 channels at 50 GHz channel spacing in the 1550 nm region [G.692]. As long as connec-
tions are generated by electronics this means that a large number of lasers with precisely se-
lected and controlled wavelengths are required. In addition to that, the same holds for the
spare parts which must be kept in stock by the network operators. The termination of a con-
nection does not have this disadvantage due to broad optical bandwidth of receivers. One of
the advantageous features of the OSP is that a connection is only terminated by electronics but,
except for the first one, initiated in the optical domain. Consequently, the complete OSP mod-
ule, consisting of both connection initiation and termination equipment, can be regarded as op-
tically transparent to the signal wavelength and, in some cases, to the signal modulation format.
For application in a wavelength routed network this means that only one module is required
that can be used at any wavelength within the 1550 nm region.
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3. 

Optical Signal Processor

This chapter will be devoted to the OSP. As mentioned before, the OSP enables the processing
of optical signals in such a way that the data content of these signals can be modified without
conversion of the signal to the electrical domain. In this chapter the unique features of this
system will be addressed, applications will be given and some experimental results will be
shown.

First, in section 3.1 we will describe the function of the OSP in general terms. For correct op-
eration of the OSP a certain channel code is required. It appears that this channel code belongs
to a family of channel codes which have a widespread application in magnetic and optical re-
cording. In section 3.2 an overview of this channel coding will be given. In section 3.3 the se-
rial and parallel OSP configurations are given, including the required channel coding scheme
for each configuration. Subsequently, in section 3.4 some of the possible applications will be
outlined and a comparison will be made with alternatives found in the literature. In section 3.5
the implementation issues of the optical and electronic hardware will be discussed together
with some initial measurement results. Finally, in section 3.6 the conclusions are given.

3.1 Generic OSP description

In this section the general concept of the Optical Signal Processor (OSP) will be treated (see
also [RijBo96a] and [RijBo96b]). The novel idea of this concept is the combined use of chan-
nel coding and the application of optical means to transpose the symbols of this channel code
to other codewords within the same codebook. In chapter 1 an illustration was given for the
optical processing of a Manchester (biphase) encoded signal. The aim of the processing opera-
tion is to preserve the optical transparency to the physical signals that are processed. In most
communication links, the characteristics of the physical signal that transports the information
message (such as signal wavelength, signal power, modulation format and bit rate) are estab-
lished at the transmitter and absorbed at the receiver. E.g., visualise an optical transmitter and
receiver in a point-to-point transmission link. The properties of the information carrying signal
are defined at the transmitter. At the receiver, upon reception of the information, the informa-
tion carrying signal is absorbed and its properties are lost when not constantly being monitored
or adequately measured.

In many circumstances the physical signal characteristics at the receiver are still of sufficiently
high quality to be reused for other communication sessions. The OSP provides the means to
reuse the physical signal while, at the same time, it allows one to substitute a new digital in-
formation content on it. Hence, the OSP can be regarded as optically transparent to (or inde-
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pendent of) certain physical signal characteristics. For instance, the input and output wave-
length (λin and λout) of the OSP will be equal since the input signal is recycled. Moreover, in

principle, the optical processing procedure can be repeated through concatenation of OSP
nodes. Conceptually, the functionality can be illustrated as shown in Figure 3.1. Note that the
optical transmitter is only depicted for the abstract functionality. It is not required in any of the
OSPs that will be presented in this chapter. Here, Iin denotes the transmitted data at the input
and Iout the data at the output, Pin and Pout are optical powers at the input and the output which
are, in general, not preserved.

Rx Tx
input output

drop add

λin, Iin, Pin,… λout(=λin), Iout(≠Iin), Pout(≠Pin),…

Figure 3.1: Conceptual representation of the Optical Signal Processor.

The functionality can be summarised as follows. Information originating from elsewhere enters
the OSP node at the input. First, the contents of the signal are being analysed. Depending on
the type of application three functions can be distinguished:

1. the received information content is forwarded to the output without being modified,

2. the received information is terminated at the node and completely new information is
transferred to the output, and

3. the received information content is forwarded to the output with some (slight) modifica-
tions.

Function 1 and 2 are known as ‘drop and continue’ and ‘add-drop’, respectively. The third op-
tion is a gradation of the first two. Again note that these three functions only bear upon the
information content of the signal, the properties of the physical remain (to a certain extent) un-
changed.

Before discussing the OSP’s principle of operation, we first briefly address the channel coding
that is required for the optical processor. Due to the fact that the OSP relies on the recycling of
the optical input signal, we need to be sure that each symbol that could appear at the output is
constantly available for selection. In order to guarantee this, a special line coding scheme will
be used such that a only a few relatively short delay lines are needed for storage of the digital
symbols.

3.2 Runlength limited channel coding

Before discussing the details of the OSP, we first give a survey of the channel coding proper-
ties that are needed to make the OSP principle work. These channel codes are generally ap-
plied for the optical and magnetic storage of information on different types of media such as,
e.g., the Compact Disc. Since the channel coding requirements for the OSP appear to be simi-
lar to the ones that are used for optical and magnetic storage, we use the results and method-
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ologies that are found in this particular area of research. However, as we shall see in a later
stage, the reason for applying these so called runlength limited sequences has another origin
than its usage in magnetic and optical storage.

3.2.1 Overview1

In general, coding techniques are used in communication networks to guarantee a certain effi-
ciency or reliability of the communication channel. In coding theory we can distinguish be-
tween source coding, in which the redundancy of the information that needs to be transmitted
is (partly) removed (e.g. MPEG), and channel coding which enables highly reliable transfer of
data and efficient use of the available capacity despite the imperfections of the communication
channel.

Since optical communication systems are found to have very low bit error rates (BER values as
low as 10-15 are possible) the usual way to proceed in these networks is to scramble the trans-
mitted data and to employ rather simple error detection procedures at the receiver side (e.g.
SDH networks). The scrambling assures that bit transitions in the transmitted data appear fre-
quently such that the receiver electronics can synchronise on them. The error checking proce-
dure, such as Bit Interleaved Parity (BIP) for SDH networks, is sufficient for detecting the oc-
currence of channel degeneration.

The main reason for this approach is the broad bandwidth that is available for reliable transmis-
sion and the extremely small error rates which are obtained. In contrast to this approach other
communication channels employ channel coding to shape the signal spectrum to a favourable
transmission bandwidth. Moreover, within this bandwidth the error rate will be significantly
larger than in commonly available optical communication links. E.g., magnetic recorders show
large distortions for low frequency signals which are usually removed by a channel coding step.
Source coding is usually applied as well to enable e.g., error correction or the removal of re-
dundancy. Hence, the complete order of actions to be taken has been illustrated in Figure 3.2.

source
encoding

channel
encoding

communication
channel

channel
decoding

source
decoding

User data User data

Figure 3.2: Block diagram of the communication channel, including source and chan-
nel coding.

From now on we only focus on the channel coding step since it is this encoding step that
shows similarities with the channel code that needs to be applied to the OSP. The selection of a
particular channel code depends on many issues which determine the behaviour of a communi-
cation channel such as signal-to-noise ratio, clock accuracy, non-linearity and intersymbol in-
terference.

                                               
1 These sections are based on: K.A. Schouhamer Immink, “Runlength-Limited Sequences”, Proceedings of the

IEEE, Vol. 78, No. 11, November 1990.
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The task of the channel encoder is to translate the output of the source encoder, consisting of
m binary user symbols, into n binary channel symbols which comply with the channel coding
constraints. Clearly, because the number of channel symbols will be larger than the number of
user symbols, the rate of the code can be written as R=m/n. The translation of source symbols
to channel symbols requires a certain amount of knowledge about the channel code which, for
processing of high data rates, usually must be performed in hardware. The most straightfor-
ward method is the application of a look-up table in which the m-bit input is used as an address
that points towards a n-bit sequence which meet the channel coding constraints. However, for
large values of m, the approach of a look-up table is not very efficient, if possible at all. For
such applications special algorithms have been developed that compute the codewords directly
from the user information. The way in which this is being realised is beyond the scope of this
thesis and can be found in [Sc90]. Finally, at the receiver side, the inverse process is needed to
retrieve the user data information. The main restriction for employing look-up tables originates
from the receiver side since there code words of size n>m must be decoded. Further on, in
section 3.5.3 we will address the implications of this restriction and show a possible solution to
reduce extensive growth of the look-up table.

Runlength limited (RLL) sequences are widely used in the recording applications that were
mentioned above. When the term ‘run’ is used for a concatenation of identical symbols, the
following definition will be used for the runlength of a sequence.

Definition 3.1: The runlength of a sequence is the number of binary symbols between two
consecutive symbol transitions.

It turns out that RLL sequences can be characterised by two parameters, (d+1) and (k+1)
which specify the minimum and maximum runlength that can occur in a string of binary sym-
bols. The d parameter controls the highest transition frequency, whereas the parameter k con-
trols the lowest transition frequency. With respect to the channel parameters, d is related to the
intersymbol interference in such a way that it restricts the occurrence of repetitive symbol tran-
sitions. On the other hand the parameter k assures that, at the receiver side, the timing of the
signal can be recovered by guaranteeing a lower limit on the symbol transition frequency.

Closely related to RLL sequences are the, so called, dk-limited sequences which are defined as:

Definition 3.2: A dk-limited (binary) sequence satisfies simultaneously the following two con-
ditions:

1. d constraint - two logical ONEs are separated by a run of consecutive ZE-

ROs of length at least d.
2. k constraint - any run of consecutive ZEROs is of length at most k.

If only the first condition applies the sequence is known as d-limited (k=∞) and called a d-

sequence. On the other hand, if d=0, the sequence is said to be k-limited and known as k-
sequence. Rather obviously, for all sequences that comply with these constraints, it holds that
d<k.



3.2   Runlength limited channel coding 33

In optical and magnetic recording these type of sequences are not employed without use of a
simple precoding step which is known as Non-Return-to-Zero-Inverse (NRZI). By virtue of
this encoding step the ONE symbols in a dk-limited sequence indicate the positions of a transi-
tion (1 → -1) or (-1 → 1) of the corresponding RLL sequence. For instance, the dk-limited

sequence with d=0 and k=3:

0100010010001101…

would convert to a RLL that can be written as:

1-1-1-1-1111-1-1-1-11 -1-11…

It can easily be verified that for this sequence at least (d+1) and at most (k+1) consecutive like
symbols occur (see underlined fragments). On the physical storage medium, the ‘1’ and ‘-1’
symbols represent, e.g., positive and negative magnetisation or pits and lands. For our purpose
we will only make use of the dk-sequences because we need to have separate control on the
runlength of ZERO and ONE symbols.

3.2.2 dk-sequence properties

The problem of counting sequences which satisfy the d and k constraints has been addressed by
Tang and Bahl in [TaBa70]. We will summarise the results below. Let Ndk(n) be the number of
distinct dk-sequences of length n with the following initial condition:
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Then, according to [TaBa70], the number of sequences of length n is given by
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In the case of k-sequences the result of equation (3.2) can obviously be used for d=0. This
yields for binary sequences
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As will be shown in the following sections, the k parameter will be of major importance for the
design of the optical signal processor configurations. By evaluation of equation (3.3) and (3.4)
the number of sequences that can be used for the channel coding can be obtained. The results
of the calculation are shown in Table 3.1.
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It is reasonable to assume that the data at the input of the encoder will be formatted in blocks
that consist of bytes. For the encoder this simply means that at least 256 distinct sequences are
required to achieve a unique encoding. In Table 3.1, for each runlength parameter, the first en-
try that complies with these requirements has been underlined to emphasise the effect that
coding has on the design of a code book.

We repeat that, for dk-sequences, the k parameter only reflects the maximum runlength of con-
secutive ZEROs whereas in RLL sequences the parameter (k+1) expresses the maximum run-
length of both consecutive -ONEs and ONEs. The differences originate from the NRZI pre-
coding step which relates dk-sequences to the RLL sequences. It should be noticed that, for a
k-sequence, the runlength of ONEs is not constrained. After a NRZI coding step the runlength
of ONEs is constrained to (k+1). The proof of this property was already given by Kautz in 1965
[Ka65]. As a consequence of this relation, we can now also count the number of sequences,
Me(n), when both ZEROs and ONEs have a maximum runlength constraint. Hence,

( )M n
n

ne =
<
=





0 0

1 0

,

,
(3.5)

( ) ( )M n
n e

M n j n ee

n

ej

e=
< ≤

− >



 =∑

2 0

1

,

,
(3.6)

in which e is defined in a similar way as k, with the addition that both ZERO and ONE symbols
are considered. For simplicity we will denote them as e-sequences. Unlike the NRZI encoded
sequences that were discussed previously, for this collection of sequences the minimum run-
length of symbols equals zero. In Table 3.2 we have calculated the distinct number of e-
sequences versus the sequence length n.

Table 3.2: Number of distinct e-sequences versus the sequence length n.

Me(n) n 0 1 2 3 4 5 6 7 8 9 10 11

e

1 1 2 2 2 2 2 2 2 2 2 2 2

2 1 2 4 6 10 16 26 42 68 110 178 288

3 1 2 4 8 14 26 48 88 162 298 548 1008

4 1 2 4 8 16 30 58 112 216 416 802 1546

5 1 2 4 8 16 32 62 122 240 472 928 1824

Table 3.1: Number of distinct k-sequences versus the sequence length n.

Nk(n) n 0 1 2 3 4 5 6 7 8 9 10 11 12

k

1 1 2 3 5 8 13 21 34 55 89 144 233 377

2 1 2 4 7 13 24 44 81 149 274 504 927 1705

3 1 2 4 8 15 29 56 108 208 401 773 1490 2872

4 1 2 4 8 16 31 61 120 236 464 912 1793 3525

5 1 2 4 8 16 32 63 125 248 492 976 1936 3840
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The asymptotic information rate of a channel coding scheme shows the maximum rate R=m/n
that can be attained for some specified values of the minimum and maximum runlength d and k.
The maximum value of R that can be achieved is generally denoted as the capacity of a set of
sequence and has been provided by Shannon [Sh48]. For dk sequences it is defined as

( ) ( )[ ]C d k
n

N n
n

, lim log=
→∞

1
2 (3.7)

The easiest way to evaluate this expression is by solving the homogeneous difference equation
of N(n). Using N(n)=zn, the characteristic equation is obtained. Subsequently, determination of
the largest real root of the solution, λ=max{λi}, results in the capacity according to

( ) ( )C d k, log= 2 λ (3.8)

With respect to the OSP design, the k-sequence (3.4) and e-sequence (3.6)  are of major im-
portance as will be shown in the next section. The characteristic equations for these sequences
can be expressed as

z zk k+ +− + =2 12 1 0 (3.9)

and

z ze e+ − + =1 2 1 0, (3.10)

respectively.

Employing numerical methods, we can solve these equations as function of k and e, respec-
tively. The results have been shown in Table 3.3 for some values of k and e.

Table 3.3: Capacity versus maximum runlength k and e.

k,e C(0,k) C(0,e)

1 0.69424 0

2 0.87915 0.69424

3 0.94678 0.87915

4 0.97523 0.94678

5 0.98811 0.97523

The reason for the e-sequence showing zero capacity in the first entry is obvious; only two se-
quences can be composed that comply with the maximum runlength e=1 for both ZERO and
ONE symbols. This results in zero capacity when examining the asymptotic information rate
with n approaching infinity. It can also be noticed that the e-sequence follows the capacity of
the k-sequence under the condition e=k+1. Finally, it can be observed that the capacity in-
creases rather fast for small values of k and e, but saturates for larger values.

In order to compare between specific channel codes with different code rates and runlength
constraints, the code efficiency η can be used. It is defined as the quotient of the code rate R

and the capacity of the set of ideal sequences with the same runlength constraint. Thus,

( )η =
R

C d k,
(3.11)
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Finally, it should be appreciated that the code words of the dk, k and e sequences that we have
found in this section, in general, can not be concatenated without the risk of violating the
specified runlength constraints. An attractive approach to employ channel coding is the, so
called, block coding. The source information is chopped into blocks of m bits by the encoder.
Then, under the code rules, these blocks are mapped onto words of channel codes of size n.
The most straightforward way to solve the problem of violating the code rules is the introduc-
tion of a certain number of merging bits (β) which are inserted in between the successive code

words.

In the case of k-sequences (d=0), the merging rule is rather simple because the runlength of
‘ONEs’ is unlimited. Hence, introducing a ONE merging bit in between code words already
guarantees that the k-sequences can be concatenated. Therefore β=1. This method is known as

state-independent encoding since the encoding of a code word is not dependent on previous
code words. At the decoder, the first symbol of each received code word is skipped and, for
instance using a look-up table, the remaining symbols are mapped onto the original source
data.

For the dk-sequences, it is know from the literature [Sc90] that the number of merging bits that
is required to enable concatenation of code words equals β=d+2, d>0. Alternatively, the dk

constraints can be extended by two extra conditions, the l and r constraint, which impose limits
on the leading and trailing ZEROs of a sequence. Using this approach with appropriate values
for l and r results in more efficient (and complex) implementations because only β=d merging

bits are required.

The rule which governs the insertion of these merging bits can be implemented quite easily
with some extra hardware. The decoding operation at the receiver side is exactly the same as
for the k-sequences because the merging bits are skipped anyway. It should be noticed that,
except from the block coding that has been outlined above, a number of other possibilities are
available to perform the channel coding algorithms. These coding schemes are beyond the
scope of this thesis. Those who are interested should consult the references which are stated in
[Sc90].

3.2.3 Fixed disparity sequences

Finally, we elaborate on sequences which have the characteristic that each of the codewords
within a codebook has a fixed number of ZERO and ONE symbols (e.g., the Manchester chan-
nel code). When the number of ZERO and ONE symbols is approximately equal, these code-
words are referred to as zero or low disparity codewords. The disparity of a codeword is de-
fined as the difference of the number of ZERO and ONE symbols in the codeword [Si85]. Con-
sequently, the DC-level of the codewords remains constant throughout the applied codes. In
data storage systems, these DC-constrained codes are applied to optimise the codebook for the
characteristics of the transmission channel. In our case, however, this is not the reason for the
design of such a codebook. As will become clear in the next section, we are merely interested
in such codebooks because the disparity properties allow for the permutation between se-
quences that can be used for processing.
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For sequences of size n, the number of codewords which contain p equal symbols is given by

( ) ( )N n
n

p

n

p n pp =






 =

−
!

! !
, p n≤ . (3.12)

In the remaining, when we consider fixed disparity codewords, we assume that n is even. Then
the largest set of distinct codewords can be obtained by taking p equal to n/2. The code rate of
Np(n) is defined as

( )( )R
n

N np=
1

2log (3.13)

3.3 Serial and parallel OSP configurations

In this section we focus on the OSP. Successively, three different architectures will be treated:
1. the Serial OSP, 2. the Parallel OSP and 3. the Parallel OSP that only can be used for the
processing of intensity modulated signals. Subsequently, the coding requirements on the se-
quences will be given, together with the hardware that is required. Finally, we address the
switching-protocols that are needed to achieve the desired functionality.

3.3.1 The serial Optical Signal Processor

The basic functionality of all the OSP configurations relies on dynamic switching of appropri-
ate delays at the signal bit rate using runlength constrained channel coding schemes. In the
following it will be shown that the combination of the space switches and delay lines can be
employed to enable the temporal rearrangement of the input symbols. Without loss of general-
ity it will be assumed that the information content of the output equals the information which
needs to be send by the OSP node and is different from the input signal (i.e. the ‘add-drop’
functionality). In its simplest form, the serial OSP consists of Ys space switches which are con-
catenated and interconnected by optical fibre delay lines with a delay that exactly equals one
symbol period TB, i.e., the duration of an optical signal representing a ZERO or a ONE (see
Figure 3.3).

Rx Node control

Input Output

Alignment
delay

TB

drop
add

TBsw1 sw2 swS

Figure 3.3: Generic form of the serial Optical Signal Processor.

The first and the last switching stage consist of a 1×2 space switch, whereas the remaining (Ys-
2) switches are 2×2 cross-bar switches. The instantaneous state of the switches is controlled by

a voltage (or a current) at an electrical terminal on the switch. To explain the OSP’s operation,
assume that each optical space switch can be controlled by a, two-level, digital signal. For the
1×2 switches the functionality will be clear. Depending on the control signal, port 1 is either
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connected to port 3 or to port 4 (see Figure 3.4a). The cross-bar switch operates in a similar
way: in the bar state port 1 connects to port 3 while at the same time port 2 connects to port 4,
whereas in the cross state port 1 connects to port 4 and port 2 connects to port 3 (see Figure
3.4b).

1 3
4

1 3
4

1
3
4

a)

1
2

3
4

1
2

3
4

1
2

3
4

Bar

Crossb)

Figure 3.4: Functional behaviour of the: a) 1×2 and b) 2×2 electro-optical switch.

A part of the optical signal, which is input into the serial OSP, is tapped prior to its insertion
into the alignment delay. The electronic equivalent of the tapped signal serves a dual purpose:

1. it carries information which can be destined for the node (the ‘drop’-functionality) and
2. it gives information about the optical signal which is stored in the alignment delay in order

to control the switches.

Our objective is to achieve a completely arbitrary relation between the ‘extracted’ and ‘to be
inserted’ information. To obtain a meaningful translation of input sequences to output se-
quences, it can be verified that certain runlength requirements on the input sequences are
needed. This is where the channel encoding, which we have discussed in the previous section,
reveals itself. That is, runlength limited channel coding can be used to guarantee the availability
of ZERO and ONE symbols in a sequence.

Although the OSP that is described in this thesis is a completely new optical processing con-
cept, the serial configuration of the OSP which is depicted in Figure 3.3 is also known as
Time-Slot-Interchanger (TSI) in OTDM networks (see also chapter 2.2). In these networks,
the specific position of a timeslot in a frame indicates the time channel that it belongs to. This
temporal interleaving of timeslots is repeated in a cyclic way to produce a TDM like channel.
Switching between OTDM channels requires a translation in time. Because there is no optical
device that directly actively switches optical channels among a set of timeslots, switching in
time must be accomplished by a per channel time-to-space transformation. Then, the requested
delay per space channel can be implemented with an optical fibre delay line.

In Figure 3.5 we have illustrated the evolution of a two channel OTDM signal in a TSI for the
temporal bar-state and cross-state. Because signals can not be switched forward in time a tem-
poral offset of one timeslot (with duration Tts) is needed to achieve the temporal equivalent of
the cross-bar space switch. In this picture the time evolution of the TSI operation is schemati-
cally represented. It is stressed here that the time axis has been reversed with respect to what is
accepted as common practise (i.e., from right to left). This has been done for reasons that will
become clear later on.

The switch operation is as follows:
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• Temporal bar-state (Figure 3.5a): both input OTDM channels, ch1 and ch2, are switched to
the output in the same order as they appear at the input (i.e. ch1, ch2). This is accomplished
by delaying both channels by one timeslot.

• Temporal cross-state (Figure 3.5b): both input OTDM channels, ch1 and ch2, are switched
to the output in reversed order as they appear at the input (i.e. ch2, ch1). This is accom-
plished by delaying the first channel by two timeslots and the second channel by zero
timeslots.

ch2 ch1

Tts Tts

t [s]

ch2 ch1

ch2 ch1

ch2 ch1

1.

2.

3.

4.

a)

Tts Tts

t [s]

ch2 ch1

ch1 ch2

1.

2.

3.

4.

ch1

ch1

ch2

ch2

b)

Figure 3.5: Example of a two channel Time Slot Interchanger; a) temporal bar switch;
b) temporal cross switch.

Here, the timeslot delays are implemented by a fibre delay line of Tts seconds. It will be clear
that, to enable one or more timeslot interchange actions among a collection of, say n, OTDM
channels the TSI must be extended to n timeslot delays. Then, to implement the temporal bar-
state, (n-1) timeslot delays are needed as offset. For the temporal cross-state of n channels, we
require an additional (n-1) timeslot delays. Hence, the maximum delay that a channel can expe-
rience equals 2(n-1) timeslots and the number of space switches that are required equals
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Ys=2(n-1)+1. This proportionality of switches and timeslots was also shown by [ThGi87] and
[JoDa94]. In Figure 3.6 it has been illustrated for the case that all the n OTDM channels are
reversed in time. In this figure the input channels ch1…chn-1 are switched into delay lines
whereas chn is directly switched to output. Clearly, channel ch1 needs the longest optical stor-
age in consecutive delay lines with a total duration of 2(n-1)Tts seconds.

chn ch1ch2

12n

chnch1 ch2

n+1n+2

(n-1)Tts

2(n-1)Tts

timeslots:

input:

output:

t[s]

Figure 3.6: Time Slot Interchange of an OTDM multiplex of size n.

The approach that Hunter and Smith have taken in [HuSm93] yields significantly better results
with respect to the required number of switches for TSI operation. The reason for this im-
provement is due to the choice of the length of the delay lines. Whereas in the previous case
only delay lines are being used with duration of one single timeslot Tts, they showed optimisa-
tion of the TSI by applying delay lines with an integer number of timeslot delays. For a OTDM
network in which the number of timeslots, n, is a power of two they find relations which have
been proved to yield a minimal number of cross-bar switches. If the frame delay q, previously
denoted as offset, is the delay in timeslots between the start of an input frame and the start of
the corresponding output frame, it follows that
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Furthermore, the minimum number of 2×2 cross-bar space switches is given by
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Looking in some more detail at the TSI functionality, it is found that in one OTDM frame, the
TSI allows for any of the conceivable permutations between the timeslots. If we now return to
the serial OSP concept, this observation can be used to obtain the desired functionality. To
elucidate this, consider the TSI configuration of Figure 3.5 in which the two OTDM timeslot
channels are replaced by an equally sized sequence of length n that represents a single space
channel. Furthermore, assume that the timeslot delay Tts equals the duration of one symbol pe-
riod TB. If we now employ the fixed disparity channel encoding such as outlined in section
3.2.3 then we find, for n=2, two sequences ‘01’ and ‘10’. Then, the permutation of one se-
quence to the other sequence actually represents the translation of the information content of
the signal. Ideally, because only a permutation of the signal is performed, the optical charac-
teristics of the signal remain unchanged. Of course, this last statement is only true if the actual
serial OSP configuration does not alter these signal characteristics. If, for example, a sequence
is modulated with a continuous phase (e.g., CPFSK), after temporal rearrangement the phase
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continuity will be lost on the transition edges of the binary symbols. Also, due to attenuation of
the switches, the power level of the output signal will decrease.

The set of codewords of length n that can be applied to the serial OSP type can be deduced
from equation (3.12). For the application of byte-oriented encoding (m=8), we need at least
sequences of length n=12 since this is the smallest even integer which yields Np(n)>256. If we
follow the reasoning given in [ThGi87] for the n channel TSI, for the physical implementation
of the serial OSP this means that at least 2(n-1) timeslot delays will be required and the number
of switches equals Ys=23 (note that even expression (3.15) gives better results for n=16).
Hence, a rather large amount of hardware is needed to perform this type of code word permu-
tation. In Example 3.1 the serial OSP processing is explained for the case that n=4.

Example 3.1:

For n=4 we find 6 distinct sequences for which the number of symbols is equal. These se-
quences are shown in Table 3.4.

Table 3.4: Fixed disparity sequences for n=4.

timeslot: 4321 timeslot: 4321

0011 0101

1100 1010

0110 1001

0d0c1b1a

sw1 sw2 sw3 sw4 sw5

0d0c1b

1a

0d0c

1b 1a

0d

0c 1b 1a

0C 1b 1a
0d

1

2

3

4

1b
0c0d5

time [s]

1b0c0d6

7

=don’t care =cross state =bar state

sw6 sw7

1a

1a

1a1b0c0d

input output

=unit delay

Figure 3.7: Time evolution example of the serial OSP operation.
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Assume that the sequence ‘0011’ is input into the serial OSP with q=3 and Ys=7. In Figure
3.7 the evolution in time has been shown for an information translation to the sequence
‘1100’. Again note that the time axis has been reversed to elucidate the progress of the
signal bits into the processor. Also, each symbol has been given a unique character to ex-
plain their progress through the OSP. Furthermore, we only have shown the discrete states
of the serial OSP by means of the shaded areas. The permutation is performed after the off-
set that is assumed, i.e., from timeslot 4 until 7. In a similar way, each of the sequences of
Table 3.4 can be translated to any of the other sequences, thereby obtaining information
translation. o

However, in case of timeslot interchanging n OTDM channels, there will not be any correlation
between the occurrence of the symbols in the time slots. For the design of a code book, we can
make use of the fact that the number of ZERO and ONE symbols in a codeword has been taken
equal, i.e. zero-disparity sequences. In other words, after an offset of

q n= 2, (n is even) (3.16)

timeslots we can be certain that both ONE and ZERO symbols are available at the input or in
one of the storage fibre delay lines. Then, the maximum number of timeslot delays that are re-
quired equals nTB, and the number of switches

Y ns = + 1. (3.17)

Consequently, since less storage space is required, a smaller OSP configuration can be applied
to perform any of the conceivable permutations. See also Example 3.2.

Example 3.2:

0d0c1b1a

sw1 sw2 sw3 sw4 sw5

0d0c1b

1a

0d0c

1b 1a

0d

1b 1a
0c

1b 1a
0d0c

1

2

3

4

1b
1a0d0c5

time [s]

1b1a0d0c6

=don’t care =cross state =bar state

input output

=unit delay

Figure 3.8: Processing example of the serial OSP according to (3.16) and (3.17).
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In Figure 3.8 we see that already at timeslot 3 we can be certain that at least a ONE and a
ZERO symbol are available at the input of the processor or in one of the fibre delay lines.
Hence, we may perform the permutation in the timeslots 3 until 6. Also for this case all
possible permutations between the sequences of Table 3.4 can be achieved. o

Due to the tight relationship between the number of symbols in a codebook Np(n) and the re-
quired hardware to perform the permutations a trade-off can be made between the coding effi-
ciency and the amount of hardware. Instead of employing a codebook of size n=12 with 12
delay lines and 13 E/O-switches, we can also decide to employ a smaller codebook such that
less hardware is needed. Also, if n is an power of two, we may use the expressions of (3.14)
and (3.15) to obtain the absolute minimal hardware configuration. Then we find that for n=16
the number of switches equals Ys=11 with an offset q=16.

In this context, the smallest OSP configuration that can be found is the one for which n=2 (see
Figure 3.5). The disadvantage of this choice would be the increased coding rate R. Whereas a
code rate R=8/12 is sufficient to encode logical bytes, for a n=2 a code rate R=8/16 is needed.
Using expression (3.12), with n=12, the number of codewords equals 924 whereas only 256
codewords are needed. On the other hand, if we take the codewords for n=2 as a basis and de-
fine codewords of size n=12 accordingly, we only find 64 (=2n/2) entries which is insufficient
for byte-oriented encoding. According to these two extremes, one would intuitively argue that
there will exist other OSP configurations that yield enough codewords to satisfy the con-
straints, but that need fewer switches and delay lines than prescribed by equation (3.17). To
quantify this, let i denote the minimum number of timeslot delays that are required. Then, the
number of switches equals

Y is = + 1 (3.18)

Furthermore, the cardinality of the number of sequences of length n that can be permuted with
i timeslot delays (0TB…iTB) and Ys switches is given by Ni(n).

Unfortunately, after many efforts, we have not yet succeeded in finding a mathematical expres-
sion for Ni(n) as function of i and n. Consequently, the coding capacity can not be calculated
analytically. We admit that this analytical analysis should be considered in future research. In
order to get some more insight into the behaviour of Ni(n), an exhaustive search has been per-
formed to obtain the sequences of length n which can be permuted with (0TB…iTB) timeslot
delays. The results have been depicted in Table 3.5. Again, the entries that can be used for
byte-oriented encoding have been underlined. The results clearly indicate the trade-off between
the coding rate and the required hardware which is related to i (see also equation (3.19) and
(3.20)).

In this table the main diagonal expresses the relation of (3.12), having a capacity which is given
by

( ) ( )( )C i n
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The other extreme is represented by the row for which i=2 and ( ) ( )N ni
n= 2 2  (i.e., Manchester

coding). Here the capacity is given by
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Hence, a stepwise increase of i will result in an increased coding capacity and thus a more effi-
cient performance.

Table 3.5: Number of sequences Ni(n) which can be permuted with 0TB…iTB delay
lines.

Ni(n) n 2 4 6 8 10 12 14 16

i

2 2 4 8 16 32 64 128 256

4 2 6 16 44 120 328 896 2448

6 2 6 20 60 184 568 1744 5360

8 2 6 20 70 224 728 2384 7820

10 2 6 20 70 252 840 2832 9612

12 2 6 20 70 252 924 3168 10956

As we will see in chapter 4, from a transmission point of view and cost perspective, for the se-
rial OSP the option with n=2 is preferable. In fact, the channel code for the n=2 configuration
is also known as biphase or Manchester coding (see also chapter 1.5). This type of channel
coding has some attractive properties such as a very simple encoder and decoder design and a
dominant spectral line at the symbolrate of the signal. This last property, that originates from
the fact that each codeword has a bit transition, enables accurate clock extraction at the optical
receiver.

TB

Rx Node control

Input Output

Alignment
delay

TB

drop
add

Figure 3.9: Serial OSP configuration implemented with feed-backward structures

Finally, we should mention that the serial OSP configuration that has been presented here can
also be realised in some other ways. The main function that needs to be provided is the storage
of optical symbols to enable permutation of input sequences. With respect to this, the variable
optical delay that has been depicted in Figure 3.3 is known as a feed-forward structure. Alter-
natively, the feed-backward structure can be applied as well. This structure, that has been il-
lustrated in Figure 3.9, has the advantage that it requires one E/O-switch less than the feed-
forward structure. However, it is also characterised by a large crosstalk and it has a high vari-
able loss since not all signals which enter the configuration traverse through the same number
of switches [ThHu96], [ThGi87]. Therefore, in the remainder, we will not consider this type of
configuration.

Yet another configuration that can be used to achieve variable delays on a bit-by-bit basis has
been shown in Figure 3.10. It is based on a 1×(i+1) switch, a set of parallel delay lines with
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delays 0TB  until iTB and a (i+1)×1 switch. Each symbol that enters the input will be analysed

and, according to a switch protocol, be directed to the appropriate delay line. At the output, on
a bit period basis, the output switch will connect to the branch that contains the symbol that
should be directed towards the output.

(i+1)x1

Rx Node control

Input Output

Alignment
delay

TB

2TB

3TB

4TB

iTB

drop
add

1x(i+1)

Figure 3.10: Serial OSP configuration based on parallel delay lines.

3.3.2 The parallel Optical Signal Processor

In this section we will extend the principle of optical signal processing to a set of sequences
that is larger than found in the previous section. There we only required that at least one ONE
symbol and one ZERO symbol were present in each codeword such that a temporal rearrange-
ment of codewords would result in a permutation from one codeword to another codeword in
the same codebook. It is rather trivial that with this type of processing every symbol can be
used only once. In this section we describe a method that allows for the usage of a particular
symbol more than once. Consequently, we are no longer restricted to permutations only. First
we focus on the modulation format independent operation of the parallel OSP. In the following
section we discuss one particular OSP that only can be used for intensity modulation.

Consider the configuration of Figure 3.11. This picture is similar to Figure 3.10 with the ex-
ception that the input 1×(i+1) switch has been replaced by an optical splitter. We assume that

the optical power is symmetrically distributed among the output ports of the splitter. In addi-
tion, we denote the number of splitter output ports as Yp as

Y ip = + 1 (3.21)

Consequently, each optical input sequence is copied into the branches of the parallel OSP.
Next, the sequence of the first branch is delayed by 0TB, the sequence of the second branch by
1TB, etc., down to the sequence of branch i which is delayed by iTB. When a sequence A (of
length n) enters this system and we examine the instantaneous inputs of the Yp×1 switch di-

rectly after the fibre delay lines, at n timeslots after the first bit of A, we find a parallel repre-
sentation of the serial input bits (see Example 3.3).
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Figure 3.11: Parallel OSP configuration with signal copy operation at the input.

Example 3.3

Let us assume that n=4 and consider the sequence (0011). Due to the copying operation
of the 1:Yp splitter and the subsequent delay of the fibre delay lines the input of the Yp×1

switch on each of the branches 0…i can be depicted as follows:

      0011
     0011
    0011
   0011
  0011
 0011
0011

0
1
2
3
4
5
6

branch i=

0987654321timeslot:
t[s]

Figure 3.12: Example of the serial to parallel conversion for the parallel OSP con-
figuration.

Indicated by the vertical arrows, we see that from timeslot 4 until timeslot 7 the serial input
sequence is available in a parallel format on the branches 0,1…6. Unlike the serial OSP
configuration, where these symbols could only be used once, in this case we have multiple
copies of the symbols which may all be used to compose a certain output pattern. o

Also here, as we showed for the serial OSP configuration and depending on the sequences that
enter the parallel OSP, we can reduce the number of branches. Due to the serial-to-parallel
conversion of the input sequence we are no longer restricted to the composition of output se-
quences that are only permutations of the input sequence. The output sequences can be com-
posed by a per symbol adjustment of the Yp×1 switch such that it connects to the branch that

holds the symbol that must be transferred to the output. In fact, we may compose any output
sequence as long as at least one ZERO symbol and one ONE symbol are present in one of the
branches during the composition of the output sequence. If each sequence contains at least one
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ZERO symbol and ONE symbol, this type of processing can obviously be repeated, thereby
enabling concatenation of OSPs. Therefore, we need to determine the properties of the se-
quences which are required such that this previous statement holds. Moreover, it can be ob-
served that, related to these specific sequence properties, differently sized parallel OSP con-
figurations can be found and a trade-off between these OSP sizes and the coding rate is again
evident.

Inspection of Example 3.3 reveals that the relation between the properties of a sequence and
the minimum number of required branches Yp, such that a ZERO and a ONE symbol are both
present for n timeslots, is a function of the symbol runlength in a sequence. First we find that
the decision about the start of the processing, which we have denoted previously as offset
value q, depends on the leading runlength of a sequence (i.e., the first run of symbols that en-
ters the OSP). In Example 3.3 this runlength equals two symbols (i.e., eL=2) which, in connec-
tion with the serial-to-parallel conversion, leads to the conclusion that processing may only
start at (or after) timeslot 3. From this it can be inferred that minimisation of the number of
branches can be obtained by employing sequences which show a minimal leading runlength, i.e.
eL=1. Additionally, for a large trailing runlength, eT, extra fibre delay line branches are needed
to guarantee the availability of ONE and ZERO symbols at the end of a sequence. This has been
explained in Example 3.4.

Example 3.4

Let us assume that the sequence (000101) enters the parallel OSP. Since the leading run-
length eL=1, we may start composing the output sequence at timeslot 2. In Figure 3.13a
this point has been marked with a vertical arrow. In order to assure that at least a ONE and
a ZERO symbol are available in every timeslot, for the duration of the sequence, we must
require that i≥4.

On the other hand, in Figure 3.13b, we have depicted a sequence (100101) for which the
leading and trailing runlength eL=eT=1. Then, by inspection it is found that i≥3 is sufficient
to guarantee the availability of ONE and ZERO symbols in every timeslot.

     000101
    000101
   000101
  000101
 000101

0
1
2
3
4

branch i=

0987654321timeslot:

a) t[s]

     100101
    100101
   100101

0
1
2

branch i=

0987654321timeslot:

b) t[s]

Figure 3.13: Processing example of the parallel OSP: a) Trailing runlength eT=3; b)
Trailing runlength eT=1. o

From Example 3.4 it can be derived that, if the offset q=eL, the number of branches which is
required for processing equals (Yp=eL+eT+1). However, this expression does not account for a
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large runlength of symbols within a sequence. In Example 3.5 it is shown that this could lead to
another constraint on the number of branches that is needed.

Example 3.5

Apart from the leading and trailing runlength, a run of equal symbols within a sequence
may impose a constraint on the number of branches as well. For illustration, consider the
sequence (10100001). As in the previous examples, in Figure 3.14 the evolution of this
sequence in time has been illustrated. From this example it can be inferred that the number
of required branches Yp is determined by the maximum runlength (emax) within the se-
quence, Yp=emax+1.

 

    10100001
   10100001
  10100001
 10100001
10100001

0
1
2
3
4

branch i=

0987654321timeslot:
t[s]

Figure 3.14: Processing example with maximum runlength within the sequence. o

By combining these observations we can deduce the relation between the number of branches
that are needed to ensure valid operation of the parallel OSP. However, as said before, correct
processing can only take place when the offset equals the largest leading runlength of a se-
quence that is included in the codebook. Thus, the number of codewords not only depends on
its length n and on the number of branches Yp but also on the offset value (qe) that is used.
Therefore, in the remainder, we will fix the offset value and the sequence length such that
Qi(n,qe) denotes the cardinality for an OSP configuration. In other words we assume that
qe=max(eL), with eL the maximum runlength of symbols at the leading edge of the sequences
within Qi(n,qe).

This results in the following expression:

( )i q e ee T≥ +max , max (3.22)

with:

• qe the offset value after which processing starts,
• eT the runlength of symbols at the trailing edge of the sequence, and
• emax the maximum runlength within a sequence other than eL or eT.

According to this intuitive approach, we have now obtained a set of requirements that lead us
to a collection of sequences Qi(n,qe) as described in section 3.2. Because the constraints which
are presented by (3.22) are closely related to the e-sequences that we have discussed in section
3.2.2 we will make use of these results to obtain Qi(n,qe). Unfortunately, a general expression
for Qi(n,qe) has not been found yet. Instead, we have used an exhaustive search routine to find
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the cardinality of Qi(n,qe). For qe=1 these results are shown in Table 3.6 for some values of i
and n.

Table 3.6: Number of distinct sequences Qi(n,1) versus length n for parallel OSP opera-
tion.

Qi(n,1) n 2 3 4 5 6 7 8 9 10 11 12 13

i

2 2 2 4 6 10 16 26 42 68 110 178 288

3 2 4 6 12 22 40 74 136 250 460 846 1556

4 2 4 8 14 28 54 104 200 386 744 1434 2764

If we again consider byte-oriented encoding we find a hardware configuration, having 3
branches with 0TB, 1TB and 2TB timeslot delays, respectively, that is adequate for processing.
For this configuration, using sequences of length n=13, we find a sufficient number of code-
words which all meet the constraint of equation (3.22) such that any logical byte can be
mapped onto a unique sequence. Furthermore, it can be concluded from Table 3.6 that in-
creasing the number of branches of the parallel OSP has a positive effect on the code rate R.

Although the proof is considered as a subject for further study, it is presumed that the recur-
sive relation of (3.23) accurately describes the cardinality of Qi(n,1).
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The capacity of Qi(n,1), as defined in (3.7), is easily obtained by noticing that equation (3.23)
has a similar shape as equation (3.6). Therefore, the characteristic equation will be the same as
the one presented in equation (3.10). Hence, the capacity of the sequences which comply with
the i-constraint of (3.22) can be found in Table 3.3.

For larger offset values (qe>1) no analytical expressions could be obtained. However, we be-
lieve that an expression does exist. In order to get insight into the behaviour of the cardinality
according to the constraints of (3.22) we also generated Qi(n,2) through exhaustive search.
The results of this search have been tabulated in Table 3.7. From this table is can be observed
that a recursive relation is apparent for sequences with n>i. For n≤i an expression is not very

obvious and probably difficult to find. We consider the analytical approach to obtain Qi(n,qe)
an subject for further research.

Table 3.7: Number of distinct sequences Qi(n,2) versus length n for parallel OSP opera-
tion.

Qi(n,2) n 1 2 3 4 5 6 7 8 9 10 11 12 13

i

3 0 2 4 6 12 22 40 74 136 250 460 846 1556

4 0 2 6 10 18 36 70 134 258 498 960 1850 3566

5 0 2 6 12 22 42 84 166 326 640 1258 2474 4864
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Comparison between Table 3.6 and Table 3.7 reveals that, for byte-oriented encoding, an off-
set value qe=1 is the only choice for i=2. For i=3 both qe=1 and qe=2 give equal coding rates,
whereas for i=4, an offset of qe=2 gives a slightly better coding rate (R=8/10 in Table 3.6 and
R=8/9 in Table 3.7). Further increasing the offset value to improve the coding efficiency intro-
duces no additional advantages for byte-oriented encoding. With use of Table 3.7 this can be
inferred from the observation that n=9 is the minimum value for which Qi(n,qe)>256. As a re-
sult of this, we find the trade-off between, on the one hand, a minimum of 3 branches with
coding rate of R=8/13 and, at the other hand, a maximum of 5 branches with coding rate
R=8/9.

3.3.3 The parallel Optical Signal Processor for intensity modulation

In the previous section the parallel OSP has been presented as a modulation format independ-
ent module. There, the constraints on the channel coding were stated such that a ONE and a
ZERO symbol are continuously available at every timeslot for the duration of n timeslots (with
n the length of the applied codewords). Consequently, because each symbol at the output is an
(attenuated) copy of one of the input symbols, modulation format independent information
translation can be achieved. Although this is a acceptable way to proceed, it should be stressed
that intensity modulation is the most commonly used format in the current deployment of high
speed optical communication.

Rx Node control

Input Output

Alignment
delay

TB

2TB

3TB

4TB

iT
B

drop
add

(i+2)x1

Figure 3.15: General representation of the parallel OSP for On-Off Keying modulation.

Then, we can raise the question whether additional benefits can be obtained if we abandon the
constraints about the modulation format independent operation of the parallel OSP. In fact,
because ZERO symbols are encoded as ‘no light’ in On-Off Keying (OOK) modulation, the an-
swer to this question is positive. Instead of requiring the continuous availability of ZERO and
ONE symbols, it can easily be argued that only ONE symbols must be available for the duration
of a codeword when OOK modulation is used. The generation of ZERO symbols can be
achieved by interruption of the optical transmission path for the duration of a single symbol TB.
According to this perception the parallel OSP for OOK modulation can be depicted as shown
in Figure 3.15. For the major part it is similar to the parallel OSP of Figure 3.11, with the ex-
ception that one input branch of the switch is not connected to the input of the OSP. This state
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of the switch can then be used as ‘dummy’ state to forward a ZERO symbol to the output, even
if all other switch inputs are carrying ONE symbols. From an conceptual point of view the il-
lustration of Figure 3.15 is sufficient to explain the OSP’s operation. Nonetheless, from a im-
plementation perspective the configuration needs to be constructed differently because fast
(1×n) space switches that can operate on high bit rates are not available. With respect to this, a

more realistic approach would be the design such as depicted in Figure 3.16. Here, the func-
tionality of the (i+1)×1 switch has been decomposed such that simple on-off switches can be

employed. More on this can be found in section 3.5 which deals with the implementation issues
of the OSP structures.

The additional advantage of this approach is that the ‘dummy’ state of the switch can be ob-
tained by setting the switches sw1 until swi+1 in the off-state. On the other hand it can be ob-
served that the a significant disadvantage is introduced due to the inherent power losses at the
output coupler, especially when i is large. This emphasises the advantage of combining OSP
configurations with optical amplifiers.

Rx

Alignment
delay

Input Output

drop
add

TB

2TB

iTB

sw1

Node control

swi+1

Figure 3.16: Practical implementation of the parallel OSP for On-Off Keying modula-
tion.

To illustrate this, in Example 3.6 the temporal instances of a codeword are shown when we use
the parallel OSP for OOK modulation only. It should be discerned that, although the modula-
tion format transparency has been abandoned here, the transparency for the optical wavelength
is still being preserved because no optical sources are used.

Example 3.6

Below, in Figure 3.17, a temporal arrangement of a codeword (11110001) in the parallel
OSP has been illustrated such as it appears in the fibre delay line branches.

The only requirement that is needed is the availability of a ONE symbol in every timeslot for
the duration of the sequence. Hence, because here the first symbol of the sequence is a
ONE, processing may start in timeslot 1, thereby avoiding the processing offset. If, how-
ever, the leading symbols of the sequence would be a run of ZERO symbols, the processing
offset would be equal to the matching leading runlength of this sequence. Moreover, from
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this example it is found that the number of delay line branches depends on the maximum
runlength of ZERO symbols in a codeword.

    11110001
   11110001
  11110001
 11110001

0
1
2
3

branch i=

0987654321timeslot:
t[s]

Figure 3.17: Signal processing example for OOK modulation. o

Now we calculate the cardinality of the sequences Oi(n,qk) such that codeword translation
between all codewords in the set Oi(n,qk) is possible with a parallel OSP configuration having
Yp branches and 0TB…iTB timeslot delays, respectively. In accordance with section 3.2.2, we
define the maximum runlength of ZERO symbols as k. Consequently, the maximum leading
runlength of ZERO symbols that belongs to the collection Oi(n,qk) will be defined as kL,
whereas the maximum trailing runlength is expressed as kT. Then, similar to section 3.3.2, we
find that the offset value that must be taken into account before valid processing is possible
equals qk=max(kL) over all the sequences in Oi(n,qk). When we define kmax to be the runlength
of ZERO symbols in a sequence apart from kT and kL, we find that the number of required
timeslot delays that must be applied equals

( )i q k kk T≥ +max , max (3.24)

Unlike the modulation format independent parallel OSP it can easily be seen that for OOK the
offset of a certain codebook equals qk=0 if all codewords start with a ONE symbol. Further-
more, when kT and kmax are equal we find that the codewords are constrained by the k-
constraint (d=0) that was addressed in section 3.2.2. Hence, using the results of section 3.2.2 it
is rather straightforward to obtain the cardinality for qk=0. It should, however, be noticed that
the k-constraint does not distinguish between the location of a runlength in a sequence.
Therefore, the number of sequences that are found according to equation (3.3) and (3.4) must
be decreased by the number of sequences that start with a leading runlength of ZERO symbols.
Or, in other words, each of the k-constraint sequences must be extended with a ONE symbol at
the leading edge to guarantee that qk=0. Then it can easily be derived that
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For the proof of this expression the reader is referred to [TaBa70].

In Table 3.8 we have tabulated the recursive expression of equation (3.25). Comparison with
Table 3.1 also reveals the similarities between both tables. Again, we have underlined the en-
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tries for which byte-oriented encoding is possible. For this case it can be identified that the
coding rate will either R=(8/13) for i=1, or R=(8/10) for i=2.

Because of the similarities with k-sequences, the asymptotic information rate, expressed as the
capacity C(i,qk), can be obtained from the characteristic equation (3.9). Then, for i=k, the ca-
pacity C(i,0) can be found with help of Table 3.3. Also, it is easily derived that the sequences
comply with the (d,k)=(0,i) constraint under the additional condition that one merging bit is
needed to preserve the coding constraints at the codeword boundaries.

Table 3.8: Number of distinct sequences Oi(n,0) for On-Off Keying parallel OSP opera-
tion.

Oi(n,0) n 0 1 2 3 4 5 6 7 8 9 10 11 12 13

i

1 1 1 2 3 5 8 13 21 34 55 89 144 233 377

2 1 1 2 4 7 13 24 44 81 149 274 504 927 1705

3 1 1 2 4 8 15 29 56 108 208 401 773 1490 2872

4 1 1 2 4 8 16 31 61 120 236 464 912 1793 3525

In accordance with the previous section, we now look at the achievable cardinality when larger
offset values (qk>0) are taken. Again we have made use of an exhaustive search computation
to obtain the cardinality of Oi(n,1) (see Table 3.9). According to this table a slight improve-
ment of the code rate can be attained, compared to the case that qk=0. I.e., for the entry
Q3(9,1) we find a code rate R=(8/9).

Table 3.9: Number of distinct sequences Oi(n,1) for On-Off Keying parallel OSP opera-
tion.

Oi(n,1) n 0 1 2 3 4 5 6 7 8 9 10 11 12 13

i

1 1 1 2 3 5 8 13 21 34 55 89 144 233 377

2 1 1 3 5 9 17 31 57 105 193 355 653 1201 2209

3 1 1 3 6 11 21 41 79 152 293 565 1089 2099 4046

4 1 1 3 6 12 23 45 89 175 344 676 1329 2613 5137

From Table 3.9 it can be inferred that a recursive expression is evident. Hence, the cardinality
Qi(n,1) can be written as
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Finally, we examine the cardinality for an offset qk=2, Qi(n,2). Through exhaustive search we
obtained the results of Table 3.10. From these numbers we find that no further improvement is
attained for byte-oriented encoding if we use the offset value qk=2. Again, the analytical com-
putation of Qi(n,qk), qk>0 is considered as an issue for further study.
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Table 3.10: Number of distinct sequences Oi(n,2) for On-Off Keying parallel OSP op-
eration.

Oi(n,2) n 0 1 2 3 4 5 6 7 8 9 10 11 12 13

i

2 1 1 2 4 7 13 24 44 81 149 274 504 927 1705

3 1 1 3 6 11 21 41 79 152 293 565 1089 2099 4046

4 1 1 3 7 13 25 49 97 191 375 737 1449 2849 5601

3.3.4 Comparison between the parallel and serial OSPs

In the previous sections we have separately addressed the modulation format independent se-
rial OSP and parallel OSP and the modulation format dependent parallel OSP, respectively.
With respect to coding efficiency it has been shown that each of the solutions has a trade-off
between the required hardware (related to i and Yp) on the one hand, and the length of the
codewords n on the other hand.
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Figure 3.18: Summary of the code rate achievements versus the required number of
delay lines TB, for byte-oriented coding.

Comparison between the configurations in general shows that the serial OSP needs the largest
amount of hardware to achieve a certain coding efficiency. Next, we find the modulation for-
mat independent parallel OSP and, at last, the parallel signal processor which only employs the
OOK modulation format. However, to justify these confirmations we must take into account
that each of them has some specific advantages. In principle, the serial OSP has no inherent
signal loss because the symbols in a codeword are only rearranged in time. In the next chapter
it will be shown that from a practical point of view the practical feasibility is different. The
modulation format independent parallel OSP requires at least a signal copying operation at its
input to achieve the capacity that we have computed in section 3.3.2. Finally, it was found that
the transparency to the modulation format can be exchanged for an additional increase of the
efficiency. As a result, we found the parallel processor for OOK operation that, in its smallest
configuration, only requires a one-bit delayed signal copy. In Figure 3.18 we have summarised
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the achievements for byte-oriented encoding of all the OSP configurations. Note that only the
markers on the curves have an actual significance.

3.3.5 Switching protocols

We finish with the description of the protocols that are needed to achieve the optical signal
processing that we have presented so far. To be more precise, we will consider the logical op-
erations that are required in the functional blocks that have been depicted ‘node control’. In
Figure 3.19 we have illustrated in more detail the contents of this functional block.

At the left side the n bits codewords (drop) and its synchronised clock signal (clk1) from the
optical receiver enter the dotted rectangle denoted as node control. The drop-codewords are
directed to the channel decoder and the block ‘switching protocol’. At the channel decoder,
the channel coding is removed such that the n bits codewords are converted to m bits logical
data. Notice that the signal bit rate at the decoder output, and its accompanying clock signal
(clk2), are a factor m/n lower than the input bit rate and clock signal (clk1). Therefore, to
achieve an accurate decoding functionality, the two clock signals (clk1 and clk2) must be syn-
chronised such that a constant phase between the two signals is maintained. In Figure 3.19 this
has been illustrated by means of the synchronisation block. The channel encoder receives the
logical data which must be added to the optical channel. By a unique mapping, the m bits data
are converted into n bits codewords which comply with the coding constraints that are in use.
Like the channel decoder, the channel encoder also uses both clock signals to obtain the re-
quired functionality. The output of the encoder, containing add-codewords of length n, is di-
rected to the block entitled ‘switching protocol’. There it is processed, together with the drop-
codewords, to yield the control signals for the optical gates. During this electronic processing,
the optical signal is stored in the alignment delay that is situated at the input of the OSP. Obvi-
ously, this delay should be aligned such that both the optical sequences and electrical control
signals are synchronised at the optical gates. The offset value q, which depends on the particu-
lar codebook that is in use, can also be incorporated at this stage. By assuming that the
switching protocol is independent of the applied codewords, this synchronisation alignment can
be fixed during the construction of the OSP.

Synchronisation
clk1 clk2   clk1 clk2

Channel
decoder

Channel
encoder

Switching
protocol

SW1
SW2
   :
SWi+1

:
:

codewords(add)

drop  clk2 clk2 add

(m)(m)

clk1

codewords(drop)
Rx

Node control

Figure 3.19: Detailed illustration of the contents of the ‘node control’ block.
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Next, in order to get some insight into the complexity of the switch protocol, we derive the
logical functions which are required to implement this protocol for a certain OSP. First the se-
rial OSP will be examined. For simplicity we will assume that n=2. As a result, the smallest
hardware configuration is obtained with only three cross-bar switches.

According to the principle of operation that was outlined in section 3.3, a truth-table can be
defined which defines the switch actions which must be taken to enable the permutations. In
Table 3.11 this has been done for all possible input and output sequences. Here, it has been
assumed that the drop input signal enters at timeslot 0T and 1T. Consequently, the add output
signal leaves the serial OSP at timeslot 1T and 2T because of the required offset value. Due to
the serial way of processing one can imagine that the last switch of the serial OSP is switching
signals from the previous codeword, whereas the first switch is already processing the current
codeword. In the table this is made clear with the mark (--) to show that the state of the switch
that is being considered, depends on the previous or on the next codeword. Unlike Figure 3.3
in section 3.3.1, here we have assumed that all switches are cross-bar switches. Hence, the first
and last switch in the serial OSP have one open input port and output port, respectively.

Table 3.11: Truth-table for the cross-bar switches of the serial OSP.

drop(1T) drop(0T) add(2T) add(1T) sw1(0T) sw2(0T) sw3(0T) sw1(1T) sw2(1T) sw3(1T) sw1(2T) sw2(2T) sw3(2T)

1 0 1 0 x -- -- x x = -- x =

0 1 1 0 x -- -- = = = -- dc x

1 0 0 1 x -- -- = = = -- dc x

0 1 0 1 x -- -- x x = -- x =

x : cross-state; = : bar-state; -- : not determined; dc : don’t care.

Closer examination of the table reveals that, for even timeslot values, the table entries are sup-
plementary (e.g., sw1(0T) and sw1(2T), etc.). Using this property we can derive the switch
protocol with use of simple Karnaugh diagrams. It turns out that we have to distinguish be-
tween odd and even timeslots as the sequences enter the serial OSP configuration. Assuming
that the bar-state is represented by a ‘1’ and the cross-state by a ‘0’ we find the following rela-
tions for integer values of a
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 a=1,3,5,… (3.28)

Hence, in addition to relatively simple Boolean logic functions, we also need some electronic
memory for storage of previous data bit. Since there is a close resemblance between the serial
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OSP that we have described here and the Time Slot Interchanger, standard control algorithms
which are known from TDM networks can be applied as well [OpTs71], [LePi81].

Similarly, the logical expressions for the modulation format independent parallel OSP can be
derived. In section 3.3.2 we found that the codeword constraints are formulated such that  a
ONE and a ZERO symbol are simultaneously available in each timeslot after the initial offset of
qe timeslots. Again for simplicity, we will assume that i=2. Because only binary symbols are
allowed, the three branches from which a symbol must be selected always contain redundant
information. Therefore, in case there are multiple branches to select the symbol from, we
choose the branch having the smallest amount of fibre delay line. Then it is rather straightfor-
ward to deduce the truth table of Table 3.12. To enable processing we find that an electrical
memory is required to have simultaneously access to both the current and the previously
dropped symbol. If neither of these two symbols equals the desired symbol we can be certain
that the second last symbol, available in the third branch, should be switched to the output.
Thus, due to the coding constraints the contents of the third branch can be inferred from the
knowledge about the first and second branch.

Table 3.12: Truth table for modulation format independent parallel OSP.

drop(0T) drop(1T) add(1T) sw1(1T) sw2(1T) sw3(1T)

0 0 0 1 0 0

0 0 1 0 0 1

0 1 0 0 1 0

0 1 1 1 0 0

1 0 0 1 0 0

1 0 1 0 1 0

1 1 0 0 0 1

1 1 1 1 0 0

Using the entries of this table we can determine a Karnaugh diagram for each of the switches
sw1, sw2 and sw3. If we use the practical implementation of the parallel OSP such as depicted in
Figure 3.16, the following expressions are found for the control signals for integer values of a
(off-state=0; on-state=1)
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(3.29)

Hence, again relatively simple expressions have been obtained which can easily be implemented
in fast logical hardware.

Finally, using the previous procedure, we give the logic functions that are applicable for the
parallel OSP that supports OOK with i=1. In the truth table given in Table 3.13 we have
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adopted the assumption that, when a ONE symbol is available in both branches of the OSP and
a ONE symbol is needed at the output, we forward the symbol from the first branch.

Table 3.13: Truth table for parallel OSP with On-Off Keying modulation.

drop(1T) add(1T) sw1(1T) sw2(1T)

0 0 0 0

0 1 0 1

1 0 0 0

1 1 1 0

Using straightforward inspection of this table, the following logic expressions can be obtained
for the switches sw1 and sw2, again for integer values of a.

( ) ( ) ( )
( ) ( ) ( )

sw aT add aT drop aT

sw aT add aT drop aT

1

2

= ∧

= ∧
(3.30)

Essentially, from the above we may conclude that for each of the OSP configurations only
some relatively simple electronic hardware is required to obtain the desired add-drop function-
ality. This is especially true for the parallel OSP which is only suitable for OOK modulation. In
addition to the attractive and simple optical configuration, the electronic part is even more
simple to design (no memory is needed!) . In fact, in [Ve96] the electronics for the control of
the OOK parallel OSP were designed and its feasibility was demonstrated at a system bit rate
of 155 Mb/s and 622 Mb/s. There, the processing speed was mainly determined by the pricing
constraints on components and the and ease of component availability (see also section 3.5.3).

3.4 Applications

Now that the functionality of the OSP has been discussed in detail, we look at the applications
for which it could be utilised. In section 3.1 we have given an outline of the specific properties
of the OSP in terms of Add-Drop Multiplexing (ADM). As will become clear in this section,
this is the main application for the OSP. Furthermore, we assess some of the existing alterna-
tives that are known from literature, having similar transparency characteristics.

3.4.1 Wavelength independent Add Drop Multiplexer

In current SDH networks ADMs are implemented as electrical terminals which obtain access
to the fibre optic infrastructure through optical interfaces, generally designated as aggregates
(containing both transmitter and receiver). At present, ADMs are widely deployed in the core
of transmission networks, usually configured in ring topologies as depicted in Figure 3.20. In
this way the total capacity of the ring is shared among the ADMs to fully exploit flexibility of
SDH to achieve end-to-end connectivity at certain multiplex tributaries.

Already at the start of this chapter we identified the OSP configuration as an ADM without an
optical source. Comparing it to an electrical ADM we find that its functionality has, to a cer-
tain extent, some similarities. Signals which are destined to an OSP node can be dropped and
terminated, whereas signals that are generated at this node can be inserted into the signal
stream. Of course, due to the strict SDH multiplexing structure, not all manipulations to the
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main signal stream are allowed or desired. At the physical level, however, it can be observed
that the OSP only terminates the information flow, whereas the electrical ADM completely
terminates the optical link. This is also true at the transmission side of the electrical ADM. In
the optical aggregate one usually finds a semiconductor laser. In most cases this laser is
modulated with the newly composed SDH frames that are composed of ‘transit’ data and ‘add’
data.
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Figure 3.20: Illustration of a SDH ring with ADMs.

In case that the OSP acts as an ADM, a laser is not required to initialise an optical link. Espe-
cially in WDM networks this could introduce an interesting advantage over, let us say, cur-
rently employed ADMs with fully equipped optical aggregates. In view of this, consider the
illustration of Figure 3.21, showing a multi-wavelength network with OADMs along the
transmission link.
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Figure 3.21: OADM node of a multi-wavelength system. a) without wavelength adapt-
ers; b) with wavelength adapters.

In case that WDM is used, an additional step is required to gain access to each of the wave-
length channels. To drop traffic an optical demultiplexing operation is required whereas the
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insertion of traffic requires an optical multiplex function. The node configuration, illustrated in
Figure 3.21, shows this OADM functionality. Once the wavelength channels are demultiplexed,
each of them can be accessed by a standard ADM. If we assume that certain wavelengths are
terminated at the OADMs it will be clear that the ADMs must be equipped with a laser having
a specifically selected wavelength. Alternatively, to avoid this situation, wavelength adapters
can be introduced into the system for conversion of the signal wavelengths (see Figure 3.21b).
Since the OSP is relatively independent of the signal wavelength (at least in the WDM window
that is currently defined), its deployment in the WDM environment of Figure 3.21 has the ad-
vantage that each OSP is the same, irrespective of its operating wavelength (see Figure 3.22).
Here, the standard ADM has been replaced by an OSP, yielding a transparent path for the
wavelength such that wavelength adaptation, stabilisation and control can be omitted. It will be
clear that this requires a modification of the channel coding scheme in such a way that it com-
plies with the coding constraints of the OSP that is used.
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Figure 3.22: OADM node with OSP as wavelength transparent ADM.

From a maintenance point of view this means a significant reduction of the number of spare
parts which must be held in stock by a network operator. On the other hand, the disadvantages
can also clearly be seen. The operations to enable the signal insertion aid the introduction of,
e.g., attenuation, crosstalk, timing jitter and other transmission impairments. These effects will
be analysed in chapter 4. Also, due to the specific channel code constraints the transport ca-
pacity per channel is reduced and traffic insertion can only be performed when an optical signal
is present at the OSP’s input port. Finally, due to the principle of operation, it can be observed
that the signal insertion into the OADM can not be performed on an optical level.

3.4.2 Access node in a ring network

Another interesting application of the OSP can be found in the local area ring networks. In
these networks only short distances need to be bridged between a relatively large number of
nodes. Among the possibilities to insert and extract data from the ring, slotted ring networks
are known to have attractive properties [ZaNi88]. In these ring networks the ring capacity is
divided into a certain number of slots (see Figure 3.23). Slots can be regarded as optical pack-
ets, comprising a header address and payload information. A node in these slotted ring net-
works may access a slot, depending on the access protocol that is being used. As we will see in
chapter 5, a variety of access mechanisms and protocols are available. Because slots may be
filled and cleared by nodes along the ring the ADM functionality is essential in such networks.
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Figure 3.23: Optical slotted ring network with ADMs as a means to access the slots.

The most straightforward way to implement a ring network would be the usage of an optical
transmitter and receiver in each node. From a ring network it is known that each of the ele-
ments which are required for access to the ring must operate at the bit rate of the ring. Because
the total transmission capacity is distributed among the nodes, this means that nodes must op-
erate at a speed which is much larger than the rate at which it may send data.
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Figure 3.24: Optically transparent nodes according to [FoCa93] and[CaFo94] a) Sche-
matic of the master node; b) Schematic of the slave node

Alternatively, in the references [FoCa93] and [CaFo94] a slotted ring network is proposed and
demonstrated with the feature that it eliminates the need for an optical transmitter in every
node. It only requires one master node with an optical transmitter that inserts dummy slots
(packets) into the ring (see Figure 3.24a). A slave node (see Figure 3.24b) recognises two
packet types: packets addressed to the node and dummy packets. All other packets propagate
unimpeded through the node. A dummy packet, consisting of CW light, indicates that a slot is
available for use. If required, the node can modulate its Semiconductor Optical Amplifier
(SOA) gate to add header and payload information to the dummy packet. In this way amplifi-
cation and modulation is achieved simultaneously. Hence, all internode communication takes
place through the modulation of dummy packets. The advantage of this network is the simplic-
ity of the access node. Also, it enables communication at different payload bit rates because
only the address header needs to be read by all nodes. I.e., all address header bit rates of the
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packets must be fixed, whereas the bit rate of the payload is determined by the transmitting
node, based on the capabilities of the transmitting and receiving nodes. In this way, inexpensive
nodes operating at low bit rates can communicate over the same network as more costly higher
bit rate nodes. Finally, it is emphasised that the advantage of transparency to the wavelength is
less remarkable in this application because only one wavelength is used.

Now, it is straightforward to replace the nodes of Figure 3.24b with one of the OSP configu-
rations. Again, one master station is needed which feeds the ring with optical energy, while the
remaining nodes recycle this energy through the OSP’s principle of operation. When the qual-
ity of an optical signal deteriorates during propagation in the ring, the master station can be
used for signal regeneration. Clearly, the advantages and features that were outlined previously
also apply here. However, there are some differences which need some extra explanation. In
order to allow for multiple bit rates between nodes, we can not simply employ the principle
that was used in the previous case. Due to the bit rate dependence of the OSP’s fibre delay
lines, the configuration as a whole is bit rate dependent. This implies that only slots can be ac-
cessed which have the correct bit rate. Therefore, during the configuration of the network dif-
ferent OSPs, operating at different bit rates, must be inserted into the ring. Then, upon recep-
tion of a slot and depending on the bit rate used within the slot, the node should determine
whether it can or may access that particular slot. Thus, only nodes that operate at the same bit
rates can communicate with each other. On the other hand, unlike the other access mechanism,
the OSP solution allows for nodes to operate at different modulation formats on the same ring
network. At last, another difference between the two solutions is the fact that the OSP con-
figuration is certainly more complex to implement and to control than the node that is repre-
sented in Figure 3.24b.

Nevertheless, when using the OSP there is a hidden benefit compared to the approach of
Fortenberry and Cai, [FoCa93]. Although this effect will be quantitatively analysed in chapter
5, here we briefly outline its consequences. For comparison we need to distinguish between
two ring networks; ring-1 characterised by the access nodes that have been shown in Figure
3.24, and ring-2 in which the slave nodes are replaced by one of the OSPs. Now, when a node
in ring-1 needs to send data to another node in the ring, it waits for a dummy packet to arrive
and then modulates it with the data contents. When this packet is received by the addressed
node, it will be undefined until it is replaced by a fresh dummy packet in the master node. Since
this observation is true for each node that receives packets, it will be clear that a certain
amount of the network capacity is unusable. In ring-2, a node need not necessarily wait for a
dummy packet. Due to the OSP principle, it may also reuse a packet that was addressed to that
particular node. Consequently, from this short description we can already infer that the exploi-
tation of the available capacity is significantly better for the ring-2 configuration. Moreover,
when the load of the network increases, it can also easily be concluded that the fairness of ring-
1 is a point of concern since the first node in the ring receives much more dummy packets that
can be used for transmission than the last node in the ring. As said before, in chapter 5 we will
deal with these ring networks in more detail.
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3.4.3 Optical cell header replacement

Yet another application for the OSP is its usage as optical packet header replacement module
in a packet switched, or ATM like, network. According to the B-ISDN specifications [Pr93],
ATM cells may be transmitted in a cell-based manner. This, so called, native ATM transmis-
sion omits the usage of additional framing structures (like SDH) for transmission onto a physi-
cal medium.

Recall that the ATM cell consists of 53 octets of which 48 octets are allocated to the payload
and 5 octets are used as cell header. One of the functions of an ATM switch is the (partial) re-
placement of the bits in the header, e.g., for Virtual Path (VP) and/or Virtual Channel (VC)
switching. The VP and VC identifiers (VCI and VPI) form an integral part of the ATM cell
header. Replacement of these identifiers according to a routing table is functionally equal to
switching between fibres in the SDM domain, switching between timeslots (TSI) in the TDM
domain or switching between wavelengths (wavelength conversion) in the WDM domain. Of
course, in addition to ATM cell header replacement, other packet based systems may be con-
sidered as well in this context.

In [FoLo91] Fortenberry and Lowery proposed to replace the header bits on an optical level,
so that the optical packet maintains its original wavelength and format. In general, the payload
of a packet is only accessed by the destination and left unaffected by any of the intermediate
nodes in a network. Therefore, the bit rate of this part can be chosen independently from the
header bit rate. Regarding this, an attractive approach from a performance point of view would
be to modulate it at a much higher bit rate than the header part. Once replacement of the
header can be achieved in the optical domain, optical routing of the packet through a switch
(e.g., an ATM switch) becomes an interesting option to overcome the throughput limitations
of electrical systems (e.g., power consumption, interference between electrical systems, elec-
tronic bus skew, etc.). Based on this argumentation much research is devoted to the area of
photonic packet switching (see e.g., [GlKa97], [CoLu95], [MuPa95], [MiYa96] and
[BuCh96]). This focus is, however, beyond the scope of this dissertation.

A rather straightforward method for header replacement is, e.g., demonstrated in [BlFe94]. In
Figure 3.25 the architecture has been shown that uses a laser to inject a new header. First, un-
der synchronised control, the old packet header is blocked by an optical gate while the control
electronics read the header contents. Then, the new header is inserted by means of a laser and
an optical coupler. When the insertion of the new header is completed, the remaining payload
of the packet is added to the new header. One of the complications of this approach is the dif-
ference between the header and payload wavelengths. In a disperse system this would cause a
timing shift because at different wavelengths the propagation speed of the payload and the new
header are different. Ultimately, erroneous operation could result if the header and payload are
overlapping or too far separated in time. Moreover, the state of polarisation of the new header
and the payload will, in general, be different. This could lead to extra problems in a polarisation
sensitive network. An advantage of this approach is the transparency to the payload. Also, it
uses relatively simple hardware in a header replacement module.
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Figure 3.25: Possible architecture to replace the header of an optical packet.

In [FoLo91] an alternative approach was taken. There, the packet header is defined such that
one part consists of a CW light whereas the remaining part represents the actual header con-
tents. Upon reception in the header replacement module, the part holding the old contents is
blocked by an optical gate. Subsequently, the optical gate is used to modulate the new header
on the CW part. Using this method, the previously stated disadvantages are removed at the
expense of introducing another drawback, being the increasing length of the CW part if the
header must be replaced many times.

Yet another, but similar method was demonstrated by Spring and Fortenberry in [SpFo93].
The architecture of this header replacement method is shown in Figure 3.26a. This approach
allows for the concatenation of header replacement modules without the need for increasing
the length of the CW period accordingly. Like in the previous case, each optical packet con-
sists of a payload, a burst of CW light of duration TCW and a modulated header part (see Figure
3.26b).
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Figure 3.26: a) Schematic architecture of the header replacement module; b) Timing
diagram of the header replacement module.

Now, upon entrance of the module, the signal is duplicated into two branches of which one is
delayed by TCW seconds. Next, the signal in the first branch arrives at the optical gate (sw1)
where the old header is blocked. Subsequently, the CW part of the packet is being modulated
by the same optical gate (sw1) for the duration of the CW period. Next, the remaining part of
the packet (i.e., the payload) is again blocked. At the same time, the duplicated signal arrives at
the second gate (sw2), which also blocks the old header. At the start of the CW period, the
second optical gate is switched on to forward the CW light and the payload to the output.
There the signals from both branches are merged to establish a packet with a new header.
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In [RijBo96d] we proposed a similar architecture as done in [SpFo93], but now with the OSP
as header replacement unit. If we compare the architecture of Figure 3.26a with our OSP de-
signs, it can be inferred that they belong to the same family of systems. Especially the similari-
ties between Figure 3.26a and the minimal parallel OSP configuration for OOK (see Figure
3.16 with i=1) are remarkable. Nevertheless, in terms of overhead and efficiency, it is easily
evaluated that the approach of [SpFo93] results in a coding rate of R=0.5 for the packet
header. For the minimal parallel OSP configuration with i=1, we already find a coding rate that
equals R≅0.62 and for i=2 a rate of R=0.8 can be achieved. On the other hand, it is emphasised

that the OSP needs additional electronic equipment to deal with the OSP’s channel coding
constraints. Also, because the actual replacement of the header is performed at the symbol
level, all switches in the OSP branches must have a sufficiently large bandwidth. In the ap-
proach of [SpFo93] only one optical gate is used for the insertion of the packet header. When
guardbands are introduced into the optical packet to relieve the switching constraints, the other
optical gate (sw2) may switch at a lower rate.

3.5 Implementation issues and system experiments

Before we commence with the system simulations and experiments, we first deal with some of
the practical issues of the OSP. In particular we discuss the various possibilities that can be
utilised for a practical realisation. Considering the optical part of the OSP’s architectures, the
optical switches are the most remarkable components to select from. In section 3.5.1 we give a
brief survey of the most attractive switch solutions that can be used for optical gating at signal
bit rates. Next, we will address some of the important issues concerning the electrical parts of
the OSP architecture. For this, we will concentrate on the design of one particular OSP imple-
mentation. We discuss the design and realisation of the channel encoder, the channel decoder
and the hardware implementation that performs the switch protocol functionality (see section
3.3.5).

3.5.1 Survey of electrically controlled optical switches

So far, we addressed the OSP architectures in a rather general and conceptual way. We as-
sumed components with ideal characteristics and the functionality that we desire. However,
this is not the case in practice. For example, at high bit rates, the 1×(i+1) and (i+1)×1 switches
are typically not single devices but must be constructed using 1×2 or 2×2 space switches.

Among the possibilities to choose from, the dilated structure of Figure 3.27a is widely known
[Tho91]. The 1×2 switches are concatenated in such a way that, depending on the state of the

switches, the input is connected to one of the outputs. Another possibility has been depicted in
Figure 3.27b. Here, a 1×n optical splitter is used to obtain multiple copies of the input signal.

Next, each of the copied signals is switched by an optical gate. Synchronous control of the
switches, thereby avoiding that more than one gate is in the on-state, results in the same func-
tionality as the dilated structure, however, with inherent losses due to the splitter. In terms of
component count, the dilated structure is favourable over the parallel structure, especially
when the number of ports (~i) is large. On the other hand, for switching at a bit rate level, syn-
chronous control of the dilated structure could lead to problems because of the interconnection
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delays between switch elements. Furthermore, it can also be observed that the parallel structure
may employ optical on-off gates with one input and one output, whereas the dilated structure
needs 1×2 switches. As we will see further on in this section, most of the high speed optical

gates only provide on-off functionality. For the architectures that we are considering the par-
allel structure is favourable because the parallel OSP requires the signal copying functionality
in any case.

a) b)

Figure 3.27: Practical implementations of a 1×n switch. a) dilated structure b) parallel
structure.

The other functionality that we assumed for the serial OSP is the cross-bar switch (see also
Figure 3.4b). In principle, this type of switch can be implemented as a single device. For exam-
ple, the Mach-Zehnder interferometer can be designed in such a way that it has a cross-bar
functionality [Ag97]. However, in general, for such devices a trade-off needs to be made be-
tween switching speed, switching voltage and crosstalk behaviour, etc. In addition, rather large
optical losses must be tolerated. For instance, in [YoSh96] a polarisation insensitive Mach-
Zehnder cross-bar switch is demonstrated with approximately 14 dB insertion loss, 4.5 V
switching voltage and a crosstalk level of approximately 20 dB. Dilation can be employed to
enhance these crosstalk levels. Alternatively, the cross-bar functionality can also be achieved
by means of optical on-off switches. One possible architecture, having an inherent loss of 6 dB,
has been depicted in Figure 3.28.

Figure 3.28: Practical implementation of a cross-bar space switch using on-off gates.

Thus, using optical gates all the desired OSP functions that are needed can be accomplished.
As said before, this is advantageous because of the large modulation bandwidth of these de-
vices. Below, we briefly address the most attractive optical gates that are available and we will
give some state-off-the-art performance measures.
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1. Mach Zehnder modulator.

This modulator type is widely known and usually applied to enable external modulation of
a CW carrier. By means of a voltage controlled phase shift in one of the Mach-Zehnder
(MZ) interferometer arms, the constructive interference of the interferometer can be de-
stroyed. Essentially, the interferometric behaviour is used to convert a phase modulation
into an intensity modulation. This results in a periodic electro-optical transfer function (and
extinction ratio) for the applied voltage. A wide variety of materials, such as LiNbO3 or
InP, can be used for its implementation.

The main disadvantage of many MZ modulators is the large polarisation sensitivity due to
the polarisation dependent electro-optic effect of the materials and the waveguides which
are used. In addition, such modulators usually require a rather large driving voltage to ob-
tain a sufficiently large extinction ratio. At increasing bit rates it becomes increasingly diffi-
cult to drive these modulators electronically because broadband amplifiers are needed to
obtain rectangular driving signals. On the other hand it has been shown that these modula-
tors exhibit extremely large modulation bandwidths. E.g., recently, a polymer based MZ
modulator has been demonstrated operating at approximately 110 GHz [ChFe97]. Typical
values of a commercial 10 Gb/s MZ modulator as optical gate are: attenuation: 3-5 dB, -
3dB bandwidth: 7 GHz, on-off ratio: ~35 dB, and the switching voltage ~ 5.5V.

2. Electro Absorption modulator.

When the photon energy exceeds the bandgap energy in a semiconductor material absorp-
tion of the incident light is obtained. The wavelength below which absorption occurs is re-
ferred to as the absorption edge. Electro Absorption (EA) modulators make use of the
property that this absorption edge is shifted when an external voltage is applied. It is found
that the electro-absorption effect is stronger in multi-quantum-well (MQW) structures,
making them favourable for fabrication. One of the most attractive properties of the EA
modulator is its non periodic behaviour for the applied voltage. Hence, unlike the MZ
modulator, the extinction ratio of the switch can be increased by increasing the applied
voltage. Another important advantage for high speed operation is the ability to drive the
EA modulator with an sinusoidal voltage. Due to the non-linear relation between the opti-
cal transfer and the applied voltage, rectangular shaped gating pulses with variable width
can be obtain by changing the amplitude of the sinusoidal voltage [SuTa92]. Because
broadband operation of electronics is much more complicated than high speed operation at
a single frequency, this characteristic is extremely useful because it relieves the require-
ments on the electronic circuitry which is driving the modulator.

State-of-the-art EA modulator gates show extinction ratios in excess of 30 dB, bandwidths
in the order of 20GHz, polarisation dependent loss of 0.3 dB and a wavelength dependent
loss of approximately 1.1 dB in the EDFA window [IdKo96].

3. Semiconductor Optical Amplifier

Semiconductor Optical Amplifiers (SOAs) can be simultaneously used as optical switch
and optical amplifier which makes them especially attractive for switching applications in
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power limited optical networks. The principle of operation is similar to the operation of a
semiconductor laser, with the exception that the oscillating cavity has been removed. At
present, special interest is given to gain clamped SOAs which show a better performance
with respect to crosstalk (due to cross-gain modulation) between carriers in a WDM envi-
ronment. In these amplifiers an optical feedback mechanism is used to stabilise the gain un-
der input power variations [Si94]. Unlike the other optical gates that have been discussed
so far, the SOA emits ASE noise at its output which adds to the signal. An additional dis-
advantage is the fact that the SOA’s bandwidth is determined by the carrier lifetime of the
gain medium, which is in the order of 100 ps. This limits the operation of the SOA to data
rates of about 10Gb/s. Reported values of the gain clamped SOA are: fibre-to-fibre gain:
~15 dB, noise factor: 7 dB, coupling losses: 2.8 dB per facet, gain flatness: 1 dB, polarisa-
tion dependent gain: ~1 dB, and an extinction ratio in the order of 60 dB [SoJo96],
[DoPo96].

It is recognised that other modulators such as, e.g., acousto-optic modulators, can also be used
as optical gates. However, above we only discussed the devices with a wide range of applica-
tion, a high modulation bandwidth and which are commonly available. For more in depth dis-
cussions about optical gates and switching principles refer to [Hi93].

3.5.2 Optical integration of the OSP

Another attractive property, that has not been addressed yet, is the ability to integrate the OSP
into a planar optical micro-circuit. The OSP consists of a number of delay lines, splitters, cou-
plers and switches. All of these can, in principle, be manufactured and integrated in a planar
process. By itself, the splitters and couplers do not pose difficult problems. Integration of the
optical delay lines is only attractive at high bit rates so that short physical delay lines can be
embedded into the substrate. E.g., at a bit rate of 2.5 Gb/s, the delay line length will be in the
order of 8 cm for materials with a refractive index of approximately 1.5 (e.g., polymer based
materials) and in the order of 3-4 cm for materials with a refractive index of 3.1 - 3.4 (e.g., In-
dium Phosphide). At 155 Mb/s these lengths are 130 cm and 57-62 cm, respectively.

The optical gates may cause some problems. As discussed in the previous section, they should
have a large bandwidth and provide gating at low driving voltages in order to limit the required
RF power. As it appears, this is not a main issue for most of the substrates which are currently
being deployed (see e.g., [ChFe97], [KaMe94]). For electro-optical switches, one of the main
challenges is the inherent polarisation dependence due to the electro-optical effect. Neverthe-
less, depending on the substrates, polarisation insensitive switches have been reported
[KrKy96], [UiBr96]. Switch crosstalk is probably the most complicated requirement to meet.
As we will shown in chapter 4, to realise concatenation of a sizeable number of OSPs a switch
crosstalk of at least -30 dB is required. This figure contrasts with, e.g., the recently reported
crosstalk values of a Mach Zehnder interferometer switch (~ -20 dB) [Vr97]. Dilation of opti-
cal gate switches is one of the possibilities to solve this issue, however, at the expense of larger
excess losses and a more complicated switch control. Also EA gates can be integrated into
substrates to obtain the desired functionality [IdKo96]. These gates show extinction ratios of
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more than 30 dB, a large bandwidth, small polarisation dependence and attractive driving
schemes (see section 3.5.1).

3.5.3 Design and implementation of the electronic circuits
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Figure 3.29: Overview of the experimental OSP configuration; LiNbO3 Mach-Zehnder
modulators are used as optical gates.

In order to get some insight into the complexity of the electronic hardware that is required to
achieve full functionality of the OSP, some work has been done on the design and realisation of
the electronic circuitry. In this section we will briefly discuss the results of this work. Mainly
due to the high costs of the optical gates, it was decided to explore the feasibility of the small-
est OSP configuration using the OOK modulation format (i=1). Also, as will be shown in
chapter 4, this solution is favourable with respect to the trade-off between coding rate, optical
attenuation, crosstalk performance and optical integration. The proposed experimental con-
figuration has been illustrated in Figure 3.29.

Until now, a complete OSP prototype has not been realised and tested. However, most of the
functional blocks that are depicted in Figure 3.29 have been designed, realised and tested.
Again from a cost perspective, it was decided to operate the system at a bit rate of 622 Mb/s.
That is, the actual (logical) bit rate at the output of the channel decoder and the input of the
channel encoder is smaller by a factor R.
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Figure 3.30: Flow diagram of the OSP node operating as ADM.

In the remainder we assume that the OSP node is used as ADM. One possible example to op-
erate the node has been illustrated by means of a flow diagram (see Figure 3.30). Of course,
for operation in an optical network where OSP nodes are concatenated, additional access
protocols have to be considered to fully exploit the OSP’s features. This will be discussed in
more detail in chapter 5. First, we describe the design and realisation of the channel encoder
and the channel decoder. Then, in section 3.5.4, we will focus on some of the initial experi-
ments that were performed on the optical part of the OSP.

In [Sc90] a number of possibilities are discussed to obtain the desired channel code. Among
these possibilities the block coding principle has proved to be very successful for the conver-
sion of relatively short source sequences. A representative example is the byte oriented block
code that is used in the Compact Disc player. It employs a RLL code in which 8 source bits are
mapped onto 14 channel bits with a (d,k)=(2,10) constraint. When codewords become com-
paratively long, the concept of enumerative coding can be utilised. For our purpose however,
the byte oriented approach is perfectly well suited. The channel code that we need for the par-
allel OSP with i=1, has been addressed in section 3.3.3. There it was established that the cod-
ing constraint could be formulated in terms of dk-sequences with the requirement (d,k)=(0,i).
Besides, for preservation of the constraints at the codeword boundaries one extra merging bit,
being a ONE symbol, must be inserted. According to this observation Table 3.8 shows that 377
possible sequences can be used when n=13. Nevertheless, in the design of the encoder it was
decided to employ one extra channel bit in order to increase the number of transitions in a
codeword (recall that d=0) and improve the DC behaviour. Consequently, an optimal selection
could be made among the 610 sequences of the codebook. When selecting the 256 codewords
using the additional design constraints it turns out that there is still freedom in the selection
process. For that reason, so called, ‘isolated ones’, (i.e.,‘…010…’) were removed from the
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codebook whenever possible. The motive for this last design constraint is based on the work of
Swenson and Cioffi [SwCi95] who showed that prohibiting isolated ones has a positive effect
on the reduction of intersymbol interference in dispersive systems. According to these design
choices a logical bit rate of approximately 355 Mb/s remains.

In Figure 3.31 the flow diagram and the functional layout of the encoder design are shown.
The flow diagram shows that the unconstrained input data is divided in blocks of 8 bits which
are converted to 14 bits output words. The functional layout, on the other hand, gives some
more information on the design. First, the serial data is shifted in a serial-to-parallel converter.
The dual purpose of this conversion is 1) to reduce the input data rate by a factor of m, and 2)
to utilise the parallel input data as an address for subsequent look-up table (implemented with a
PLD).
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Figure 3.31: a) Flow diagram and b) the functional layout of the channel encoder de-
sign.

The hold register enables pipeline operation of the encoder. I.e., new user data can be shifted-
in while the previous data is being encoded and shifted-out. The encoder is synchronised by a
system clock which runs at the line rate of f1=622 MHz. Part of the synchronisation system is a
PLL circuit which is used to generate a clock signal at the user data rate f2. This clock signal is
also used for synchronisation of the user input data. In Figure 3.32a a oscilloscope trace of the
user data input at 355 Mb/s has been shown (alternating input: 00000011 and 11111100). In
Figure 3.32b the traces of the encoder output at 622 Mb/s have been depicted (constrained al-
ternating output: 10101011011111 and 11101111101010). More information on the encoder
can be found in [Go95].
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a) b)

Figure 3.32: a) Oscilloscope traces of the encoder input. Upper trace: conversion pulse
(start of the input codeword). Middle trace: clock signal. Lower trace: user
data input. b) Oscilloscope traces of the encoder output. Upper trace: con-
version pulse (start of the codeword). Lower trace: constrained channel
code output.

In Figure 3.33a the flow diagram of the decoder is presented. This equipment performs a re-
verse operation on the constrained channel input to obtain the user data that was sent. How-
ever, in order to achieve a unique mapping back to the original user data, codeword synchroni-
sation on the received sequences is a prerequisite. Here, we used a simple shift operation of the
detection window to find valid codewords. With the use of the synchronisation state machine
of Figure 3.33b and correct dimensioning of the values X (number of consecutive valid code-
words to enter the steady state) and Y (number of consecutive invalid codewords before en-
tering acquisition state) stable decoder operation was achieved.
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Figure 3.33: a) Flow diagram of the channel decoder and b) State machine used for
synchronisation.
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The functional layout of the decoder, shown in Figure 3.34, is similar to the encoder layout
with a few additions. These are, in particular, the word synchronisation that we discussed
above and a data reduction system. Because the encoder collects the user data in single bytes,
only 256 addresses in the PLD look-up table are required for conversion to a 14 bits output.
Reversibly, at the decoder, these 14 bits input sequences require a much larger address space.
To reduce this address space we made use of the channel coding constraints to shorten the in-
put sequences. By definition a ZERO symbol in the constrained input (d,k)=(0,1) is always suc-
ceeded by a ONE symbol. The removal of this redundancy is accomplished by the block de-
noted with ‘data reduction’. Each ONE symbol that appears at the input after a ZERO symbol is
removed from the data stream. As a result, the address space is reduced from 14 to 9 bits (i.e.,
512 addresses) which could be decoded with use of two PLDs programmed as look-up tables.
Moreover, in one of the PLD chips the state machine of the word synchronisation mechanism
could be integrated.

Finally, in Figure 3.35 some oscilloscope traces of the decoder operation have been given.
From top to bottom one can find: 1) the serial constrained input sequence, 2) the conversion
pulse indicating the input codeword boundaries, 3) the conversion pulse indicating the output
data boundaries and 4) the serial user output data, respectively. More information on the de-
coder design can be found in [So97].
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Figure 3.34: Functional layout of the channel decoder.
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Figure 3.35: Oscilloscope traces of the channel decoder. 1) constrained input code-
words, 2) conversion pulse of the input data (indicating start of the code-
word), 3) conversion pulse of output data and 4) the serial output data.

Although not shown here, the algorithm that controls the E/O gates sw1 and sw2 according to
expression (3.30) was implemented and tested. More information on the actual design and re-
alisation can be found in [Ve96].

3.5.4 System experiments
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Figure 3.36: Experimental set-up of the OSP. OAD: Optical Alignment Delay; EAD:
Electrical Alignment Delay; PC: Polarisation Controller; FDL: Fibre De-
lay Line; Att: Attenuator; AEDL: Adjustable Electrical Delay Line.

Finally, we address some of the initial experimental work that was performed on the OSP. As
said before, a complete prototype of the OSP node operating as wavelength transparent ADM
has not been realised yet. Using bulk components, the optical part of the OSP system set-up
that is depicted in Figure 3.36 was realised. The main challenges of the realisation were the
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polarisation control, minimising coherent crosstalk at the output coupler and synchronisation
of the optical gates. Due to the fact that LiNbO3 modulators were used as optical gates, polari-
sation control within the system was required. A DC bias was applied to the modulators such
that maximum extinction was achieved when modulated with the RF power from the word
generator. The specifications of the modulators are given in Table 3.14.

Table 3.14: Specifications of the LiNbO3 Mach-Zehnder modulators.

Characteristic Value

Insertion loss ~3.5 - 4.0 dB

On/Off Ratio ~33 - 39 dB

RF Half wave voltage ~2.8 - 3.4 V

For a complete demonstration of the OSP’s functionality three independently controllable gen-
erators are required; one to generate the constrained sequence and one for each of the optical
gates, respectively. However, due to the unavailability of this equipment at the time of the ex-
periment, it was decided to test the OSP’s functionality by using only one word generator. The
word generator was programmed in a way that it produced the sequence which is shown in
Figure 3.37. This sequence, consisting of 30 bits, was divided into three equal parts. The first
part was programmed with the constrained (d,k)=(0,1) sequence for modulator-1, the second
part with the control signals for modulator-2 and the third part with the control signals for
modulator-3, respectively. Furthermore, two fibre delay lines (FDL1 and FDL2) with a length
of, respectively, 80 cm ( ~10 bits) and 88 cm (~11 bits) were added to the OSP. One was in-
serted just after modulator-2 while the other one was inserted in front of modulator-3. Also,
two adjustable electrical delay lines (AEDL) were inserted into the modulator’s electrical RF
supply lines.

Control sequence
for modulator 3

Constrained sequence
(d,k) = (0,1)

Control sequence
for modulator 2

10 bits 10 bits 10 bits

12 ns

t [s]

Figure 3.37: Sequence format at the output of the word generator.

Hence, when the first 10 bits, which are modulated by modulator-1, reach modulator-2, the
electrical control signals can be aligned with this sequence and gating can proceed. At the same
time, the first 10 bits of the sequences are stored in FDL2. When modulator-2 has finished gat-
ing, the resultant output is stored in FDL1, and modulator-3 starts gating the one bit delayed
version of the input sequence. At the output coupler, these two sequences are interleaved to
yield the output sequence. Finally, after passing through an amplifier (EDFA), an optical filter
and an attenuator, this sequence was detected by a broadband PIN photodiode.

Unfortunately, due to this construction of the set-up, BER measurements could not be per-
formed because only one third of the received sequence contains valid data. The remaining part
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of the sequence is a combination of signals which do not comply with the switch protocol, re-
sulting in undefined sequences that are heavily contaminated with coherent crosstalk (i.e.,
when both modulator-2 and modulator-3 gate one pulse in the same timeslot).

Alternatively, we have measured some sequences before, during and after the operation of the
OSP. Although from these trace unambiguous conclusions with respect to performance can not
be drawn, they at least serve as some first evidence for the actual feasibility of the OSP. Below,
in Figure 3.38, the experimental data is shown. For each of the figures, the first trace repre-
sents the constrained input (a), the second trace the output of modulator-2 (b), the third trace
the output of modulator-3 (c) and, finally, the fourth trace is the constrained output sequence
(d). In addition, the eye diagrams of the input and output sequence have been illustrated for
each of the experiments. All data were modulated at 2.5 Gb/s at a signal wavelength of 1535
nm at 0 dBm. The measurement data of Figure 3.38 is shown at an average optical power of -
32 dBm.

Clearly visible is the larger eye opening of the output sequences in comparison with the input
sequences. This extinction ratio improvement is caused by the high extinction ratio of the
Mach-Zehnder modulators. On the other hand, the horizontal eye opening has decreased as a
result of the inaccuracy of the delay loops and nonzero rise and fall times of the modulators.
Another observation which can be made is that the modulation format changes from NRZ to
something which closely resembles RZ modulation. This effect is also caused by the nonzero
rise and fall times of the modulators. In, e.g., the sequences of Figure 3.38c we see that an in-
put sequence (1010101010) is modified to a sequence of ‘ONEs’. To enable this, the 1TB de-
layed version of the input sequence (c) is interleaved with the undelayed input sequence (b).
However, since the pulses of the input sequence are not rectangular, it is impossible to obtain a
NRZ output. Of course, these implications will impose a certain power penalty to the overall
system.
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Figure 3.38: Oscilloscope traces of the OSP system set-up: a) input sequence, b) output
of modulator-2, c) output of modulator-3 and d) output sequence.
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3.6 Conclusions

In this chapter we have addressed the principle of operation of the optical signal processor.
This processing technique combines runlength limited channel coding known from magnetic
and optical recording with simple models of optical switching. Functionally the signal proces-
sor corresponds to an ADM that extracts data from and inserts data into a channel multiplex
format. When applied in an optical network the OSP performs, to a certain extent, wavelength
and modulation format transparent ADM operation. Three different configurations were out-
lined, the serial OSP, the parallel OSP and the parallel OSP for digital intensity modulation
(OOK), respectively. For each of these configurations, we found the trade-off between the re-
quired (optical) hardware and the efficiency of the required channel code. In comparison it was
found that the parallel OSP for digital intensity modulation gives the best trade-off between
coding rate and configuration size. For other digital modulation formats such as, e.g., wide-
band FSK or PSK, the parallel OSP shows a much better performance than the serial OSP for
similar configuration sizes. This is mainly due to the more efficient exploitation of the channel
coding due to the signal copying operation in the parallel OSP. However, it should be stressed
that in this comparison only code rate and processor configuration sizes have been considered.
Other impairments such as crosstalk, attenuation, noise, etc. will be examined in chapter 4.

Furthermore, we discussed some of the possible applications of the OSP like, e.g., optical add-
drop multiplexing in a WDM network, ADM operation in a local area ring network and optical
packet-header replacement in packet-switched networks. Next, for the parallel OSP that only
processes the OOK modulation format, we addressed the issues that are of concern when a
practical realisation and implementation is considered. In this context, we focused on the de-
sign, realisation and verification of the channel encoder and the channel decoder, respectively.
Finally, we demonstrated the feasibility of the OOK parallel OSP at 2.5 Gb/s. We stress that
much more experimental work needs to be done to assess the practical feasibility in advanced
optical networks.

Summarising, we arrive at the conclusion that the OSP is a new and interesting processing
concept with the objective to enable wavelength and modulation format transparent ADM op-
eration. By itself, it may serve as an alternative to the currently employed, wavelength depend-
ent, solutions. Especially in WDM networks with a fast increasing number of wavelengths, the
wavelength independent performance of the OSP could be an interesting option.
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4. 

Transmission performance analysis

In chapter 3 the OSP has been presented as an idealised system which is capable of reposition-
ing and/or copying optical pulses that appear at its input. Furthermore, by applying a suitable
modulation format and an appropriate channel coding scheme, it was shown that different OSP
configurations can be derived. The hardware complexity of these designs is closely related to
the channel coding efficiency that is required. It was found that there is a trade-off between this
complexity and coding efficiency. Also, we showed that parallel and serial solutions can be
found with, to a large extent, similar functionality and operation.

Apart from these hardware design choices, it seems that all these solutions are vulnerable to
imperfections such as (amplifier) noise, timing jitter and cross-talk which can degrade the per-
formance of an OSP configuration. Although these properties dominate the performance in
many (optical) systems, it is found that their effect appears in a somewhat different scope when
the OSP is considered. The reason for this alternative behaviour is based on the fact that opti-
cal pulses are repeatedly switched at the bit rate as they propagate through various OSP nodes.
In this chapter we will address the extent in which these impairments affect the OSP’s per-
formance. The analysis will be performed for a single stage OSP, followed by an analysis in
which a certain number of OSPs are concatenated to form a chain

In section 4.1 we will first address the general assumptions that are made about the OSP.
These include the calculation methods that will be used for the transmission performance and
power penalty analysis. Then, in section 4.2, the OSP configurations will be evaluated on basis
of their size and coding efficiency. At this point the most favourable OSP will be selected for
further study. Next, in section 4.3, we will analyse the effects which occur when optical
switches are concatenated. In section 4.4 we will discuss the effect of optical amplification and
the associated noise sources, followed by section 4.5 in which the issues of component cros-
stalk of the OSP are addressed. In section 4.6 the degradation due to of timing jitter is dis-
cussed. Finally, in section 4.7, the conclusions will be drawn.

4.1 General assumptions and performance measures

For the analysis of the OSP, in any shape or size, some assumptions have to be made about
parts of the system in order to obtain qualitative measures. In this section, we will first address
the assumptions that form the basis for the performance analysis in the remaining sections of
this chapter. Then we will describe the choices that are made concerning the receiver models
that are used and the calculation methods that apply using these models.
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4.1.1 General assumptions

First of all, we will start with an OSP node as represented in Figure 4.1. For now, the optical
processing unit itself has been depicted as a black box model. The parallel OSP as well as the
serial OSP may be placed in this black box. At the input a part of the signal will be split off and
directed to an optical receiver (Rx).

OSP
unit

Rx OSP control

Input Output

Alignment
delay

= Optical path
= Electrical path

Figure 4.1: General representation of an OSP node.

It will be assumed that:

• the average received optical power at the receiver input is 10% of the average power en-
tering the OSP node. The remaining 90% of the optical signal is used for performing the
processing function. The alignment fibre, placed in between the first input splitter and the
processing unit, is assumed to be exactly matched to the delay of the electronic circuit. I.e.,
the time it takes for the electronic equipment to decide which action to take and the subse-
quent control of the switches. Thermal variations that result in the variation of the align-
ment fibre’s time delay are assumed to be negligible compared to the bit period.

• the switches in the OSP unit are Electro-Optical (E/O) switches which, according to the
voltage or the current that is applied, act as gates for the optical input signals. Although
this is not a prerequisite for the formal operation of the OSP, it is the most realistic sce-
nario which can be considered. For the OSP’s functionality, Opto-Optical switches could
be applied as well [Hi93]. The state of the art Opto-Optical switches are, however, still far
from any practical applicability. Among the most attractive possibilities for a E/O gates are
the Mach Zehnder (MZ) interferometer, the Electro Absorption (EA) modulator and the
Semiconductor Optical Amplifier (SOA) which combines the switching functionality with
optical amplification to compensate for optical losses (see also chapter 3.5).

• the signal which locally enters the OSP (i.e., the add signal) is perfectly aligned with the
system clock to generate the OSP’s output signal. The system clock, in turn, is generated
by the optical receiver’s clock recovery circuit and aligned with the incoming bit stream.
Any timing variations between this bit stream and the generated clock are generally known
as jitter (short term) or wander (long term). In section 4.6 this will be further studied.

• the optical delay lines in the branches of the OSP exactly equal an integer multiple of the
timeslot duration, i.e., aTB with a=0,1,2…

• the total number of branches (and optical gates) for the parallel OSP is Yp (see chapter 3.3).
• the total number of cross-bar switches for the serial OSP is Ys (see chapter 3.3).
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• unless otherwise stated, we assume that the pulses that are entering the OSP are NRZ
modulated signals.

• in all the calculations we assume that the OSP’s optical couplers and splitters are perfectly
symmetric devices.

• although not restricted by the OSP’s principle of operation, we will assume that the OSP is
used in the 1550 nm window such that different types of optical amplifiers can be used to
compensate for signal losses.

4.1.2 Performance measures

The Bit Error Rate (BER) is an accepted measure to denote the quality of a transmission link
and is adequate for our purpose. In case of optical communication links, BER values smaller
than 10-9 are generally regarded as being sufficient for the performance of a link, larger values
are not.

In our case special attention should be paid to this upper limit since a channel encoding is ap-
plied. Assume a byte-oriented encoding in which every possible 8 bit word is transmitted as a
14 bit sequence such as was shown for a 622 Mb/s signal in section 3.5. Under these condi-
tions, one single error at the decision circuit of the receiver yields a wrong 14 to 8 bit transla-
tion at the decoder circuitry. Hence, one transmission error results in an eightfold reduction of
the BER. For larger BER values, the possibility of burst bit errors increases, resulting in a
smaller reduction of the BER. In case that, e.g., two subsequent bits are erroneously detected
inside a 14 bit window (that represents the logical byte), this still yields 8 erroneous bits. Also,
the transmitted sequence has a higher bit rate than the original data that has to be transferred.
This effectively results in a performance degradation due to the reduced receiver sensitivity
(recall that, for direct detection receivers, the receiver sensitivity is linearly dependent on the
optical energy of a pulse). On the other hand, the applied channel code may result in a better
performance of the transmission link due to a reduction of the intersymbol interference and im-
proved timing behaviour as a result of guaranteed bit transitions in the transmitted signal. In
fact, this is one of the main advantages of RLL codes as used in optical and magnetic recording
applications. Also, in many channel encoding schemes error correction capabilities are included
as well.

The analysis of the performance degradation and improvements due to the channel coding is
not straightforward and therefore, in the following, we will only calculate the BER at the out-
put of the optical receiver. As long as we consider equal channel coding properties, the system
performance can be obtained by observing the BER at the receiver output. Comparison at a
BER level between OSPs with a different number of branches, and hence, different channel
codes, introduces a small inaccuracy that has been ignored in our analysis. Also, due to the ap-
plied line coding, the BER that a user experiences differs from the calculated values that are
found in this chapter (e.g., one error on the transmission link may cause a erroneously decoded
user data sequence).

In order to calculate the performance of a link, an assumption must be made about the type of
optical receiver that will be employed. Our goal is to compare the OSP configurations under
different circumstances. For ease of calculation we choose an integrate-and-dump receiver that
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is situated at the input of each OSP node (i.e., the position of Rx in Figure 4.1). This position
guarantees that the optical signal can be read prior to the actual OSP gating process. After
opto-electronic conversion by the photodiode, the electrical current at the input, Iin(t), is fil-
tered by an integrate-and-dump filter. In this process the electrical current is time-averaged and
the average current of the k-th symbol can be written as:
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with:

• TB the time interval representing a bit period,
• Re is the responsivity of the photodiode, and
• Pin(t) the incident optical power that illuminates the photodiode.

Due to noise that originates from the optical channel (such as ASE and shot noise), as well as
noise that originates from the receiver (thermal noise) the electrical current Iin(t) and the opti-
cal input power Pin(t) are random variables.

Now, the probability of making an error can be found by calculation of the conditional prob-
abilities:
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with:

• ( )P 0 1  the probability that a ZERO has been detected while a ONE was sent,
• ( )P 1 0  the probability that a ONE has been detected while a ZERO was sent,
• I d  the detection threshold of the receiver to which the signal is compared, and
• f I 0 1,

the probability density function (PDF) of the time-averaged received current I  for a

ZERO and a ONE, respectively.

The BER can then be written as
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In case the PDF f I 0 1,
 is Gaussian for both the ZERO and ONE symbols, and the detection

threshold is optimised such that
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then the BER of equation (4.4) can be written as

( )BER = Q q (4.6)

with:

• the Signal-to-Noise Ratio (SNR) as
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• I1  the average current in case a data ONE is detected,

• I0  the average current in case a data ZERO is detected,
• σ 1 the rms. value of the optical noise power for the signals representing a data ONE,
• σ 0 the rms. value of the optical noise power for the signals representing a data  ZERO, and

If, however, the PDF of the time-averaged output current I0,1 is non-Gaussian, we can not use
equation (4.6) - (4.8) to evaluate the BER. Instead, equations (4.2) - (4.4) should be used and,
in most cases, numerical methods must be applied to acquire the BER.

In many situations, the performance of an optical link depends on other noise sources than only
the receiver noise. In this context one can, for example, think of the finite extinction ratio of
the signal, the timing jitter at the receiver’s decision circuitry or the intersymbol interference
due to fibre dispersion. By taking the receiver sensitivity analysis with receiver noise only as a
reference, one can account for these additional noise sources through the, so called, power
penalty. The power penalty denotes the increase of the average optical power which is re-
quired at the receiving end to maintain the SNR compared to the reference link at a given
BER. It is commonly expressed in decibel units.

4.2 Practical Optical Signal Processor configurations

Ideally, a virtually unlimited number of OSP configurations can be derived if the design rules of
chapter 3 are applied. There it was found that the coding efficiency can be traded-off against
the amount of OSP hardware that needs to be installed. The purpose of this chapter is not to
evaluate the performance of all possible configurations as a function of their size and complex-
ity. Instead, we will evaluate the properties such as timing jitter, amplifier noise and crosstalk
that adversely affect each OSP configuration, irrespective of their size and implementation.
With this in mind, we will focus on the most sensible configurations that can be built with the
current state-of-the-art electronic and photonic components. It needs no further explanation
that the large, and complex, OSP configurations are not very attractive from a cost and control
perspective. In the following section the practical limits will be assessed for both the parallel
and serial OSP configurations. Based on certain design constraints, in section 4.2.2 we will re-
view the OSP schemes and concentrate on one particular configuration that will be used for
performance evaluation in the remaining sections.

4.2.1 Attenuation

One of the limiting factors that restricts the size of a parallel OSP configuration is the 1:Yp op-
tical power splitter at the input and the Yp:1 optical power coupler at the output. When zero
excess loss and an equal distribution of the input power over all output ports is assumed, the
relation between input port power (Pin) and output port power (Pi) of such a component is
well known and can be written as:
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Due to reciprocity, equal optical power loss will be experienced at the output coupler. Combi-
nation of both splitter and coupler, and including the fibre coupling and device losses of an op-
tical switch (Lsw), shows that the input to output loss, Lp(Yp), is given by:
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Unlike the parallel OSP configuration, the serial OSP configuration does not have the disad-
vantage of the splitting and coupling losses. As we have discussed in chapter 3, this is also one
of the main differences between the two configurations. The parallel configuration achieves a
higher coding capacity due to the copying operation which is performed at the input splitter.
The serial configuration, on the other hand, can only permute the codewords which enter the
OSP. Each optical symbol, representing one bit in such a coded sequence, only experiences a
certain delay, if any. In principle, the serial OSP can be considered as having no optical losses.
However, in practice this is not the case. Just like the E/O gates that are used for the parallel
OSP, cross-bar switches impose signal attenuation because of the materials that are being used,
the structure of the waveguides, the design of the switch, the fibre-chip coupling losses, etc.
Cross-bar switches can also be designed according to the interferometric mechanism (see sec-
tion 3.5). If no voltage is applied to the device, the switch is in the ‘bar’ state, whereas a cer-
tain switching voltage will change the device to the ‘cross’ state. If we assume that the device
has equal attenuation for both ‘cross’ and ‘bar’ state, the optical symbols will all experience the
same attenuation as they propagate through the OSP, resulting in a two-level output signal. A
certain amount of asymmetry of the ‘cross’ and ‘bar’ attenuation could cause a multi-level out-
put sequence because, along the way, some optical symbols will experience more attenuation
than others. This effect imposes an excess penalty on the performance of the system because
the optical receivers can not be biased to an optimum threshold level. However, for reasons
that will become clear later on, this particular effect will not be examined here.

If we neglect attenuation of the interconnection between cross-bar switches the overall losses
of the serial OSP can be found as

( )L Y
P

P
Y Ls s

out

in
s xb= =   [dB], (4.11)

with Lxb the attenuation of one cross-bar switching stage.

In Figure 4.2 this equation has been illustrated together with expression (4.10) that was found
for the parallel OSP configuration. For both OSPs we start at the smallest configuration that is
possible, i.e., Yp=2 for the parallel case and Ys=3 for the serial case. Furthermore, it is assumed
that the optical switch losses are equal, Lsw=Lxb=4 dB; a typical value for an optical gate or
cross-bar switch. Rather obviously, the linear increase of the attenuation that is found for the
serial OSP results in only one serial configuration that outperforms the parallel OSP with re-
spect to attenuation. It should be stressed, however, that this figure only holds for the assumed
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switch losses of 4 dB. In case this value is reduced the serial OSP will become more favourable
with respect to the overall system attenuation.
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Figure 4.2: Attenuation as function of the OSP size (Yp,s) for both the parallel and se-
rial OSP configuration (Lsw=Lxb=4 dB).

Depending on the bit rate and the receiver sensitivity of an OSP node, there will be some value
of Yp and Ys for which the optical output power is too small to achieve the required perform-
ance in terms of the BER. In Figure 4.3 this has been illustrated for some standardised bit
rates, starting at Rb=155 Mb/s. In this figure, the required BER was fixed at BER=10-9, the
average optical input power is 0 dBm and the required optical power to achieve this BER was
assumed to be 20 dB above the quantum limit (this is a realistic PIN photodiode receiver sen-
sitivity).
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Figure 4.3: Illustration of the OSP size (Yp,s) as function of the bit rate Rb for a single
stage parallel/serial OSP with 0 dBm input power at BER=10-9.
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These results show that, without optical amplification, the size of the serial OSP can only be as
large as Ys=11 at Rb=155 Mb/s. Compared to the parallel OSP (Yp ~140 @ 155 Mb/s) this
shows that the serial OSP is not very scaleable. Finally, it should be stressed here that no opti-
cal amplification is included at this point.
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Figure 4.4: Illustration of the maximum number of nodes jp which can be concate-
nated versus the signal bit rate Rb for different values of Yp. Input power is
0 dBm and the BER=10-9.
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Figure 4.5: Illustration of the maximum number of nodes js which can be concatenated
versus the signal bit rate Rb for different values of Ys. Input power is 0
dBm and the BER=10-9.

In general, one of the most important advantages of the OSP is the capability to recycle the
optical signal which is dropped at the node. Moreover, the ability to repeat this recycling proc-
ess is, more or less, an obvious and straightforward way to proceed. This makes the analysis of
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the effects that are apparent when cascading OSPs an important one and it also corresponds
with the applications that have been outlined in chapter 3.

Therefore, without having a particular application in mind, suppose that we need to concate-
nate jp parallel OSP nodes or js serial OSP nodes. Consequently, assuming equal power budg-
ets as above and in the absence of optical amplification, the size of the OSPs must be reduced
in relation to the number found in Figure 4.3. As a result of this analysis, we find an OSP size
for each particular bit rate and the required number of concatenated nodes jp and js, respec-
tively. This has been depicted in Figure 4.4 for the parallel OSP and in Figure 4.5 for the serial
OSP.

Here, we have assumed that the average optical input power, Pin, equals 0 dBm at the input of
the first OSP stage. Furthermore, we will neglect the attenuation that is related to the intercon-
nection of the OSPs (i.e. no fibre loss included). We keep the size of the OSP fixed, and cal-
culate the optical output power after cascading jp,s OSPs until we reach at the receiver sensi-
tivity. This process is repeated for all bit rates that were considered previously. The integers
for Yp,s and jp,s that are finally found, should be considered with respect to the power budget
that was assumed. However, since no other sources were included which degrade the sensitiv-
ity, the values of Yp,s and jp,s may be considered as a maximum limit for the power budgets and
bit rates that are used. In the remaining sections of this chapter we will look in more detail to
some of the mechanisms that could degrade the sensitivity.

In Figure 4.4 and Figure 4.5 we have only included the small configurations for which Yp=2 to
4, and Ys=3 to 4. The differences between the curves show that the smallest parallel OSP
(Yp=2) is the most attractive solution with respect to signal attenuation (only applicable for
OOK modulation). The performance of the serial and parallel version for Yp,s=3 and Yp,s=4, re-
spectively, are comparable and do not show a favourable solution. For larger values of Yp,s,
however, the parallel OSP will outperform the serial OSP for realistic attenuation values.
Again, it is stressed that the conclusions that are being drawn here are only valid for the as-
sumption that we have made about the losses of a cross-bar switch and the optical gates (~4
dB). As said before, the serial OSP has no inherent losses such as the splitting and coupling
losses that are apparent in the parallel OSP. When the technology becomes more mature, it can
be expected that the losses of the parallel OSP will become more dominant. However, at pres-
ent, the values that have been used for the calculations are quite reasonable.

Figure 4.4 and Figure 4.5 also illustrate that only a very small number of OSP nodes can be
traversed, even for moderate bit rates and the smallest OSP configuration with Yp=2. This indi-
cates that the application of these nodes in a network is only useful when something can be
done to combat the associated losses. Fortunately, optical amplifiers can be employed for this
purpose without significantly modifying the wavelength independent properties of the nodes
that are under consideration here. State-of-the art optical amplifiers are powerful enough to
compensate for losses in the order of 25-30 dB. However, it is generally known that Amplified
Spontaneous Emission (ASE) noise is introduced during this amplification process. Like the
data carrying signal, this ASE noise will also propagate through the OSP chain and, again, pre-
sent an upper limit to the number of OSPs that can be bridged. Despite the introduction of
ASE noise, it can be shown that the maximum number of OSP nodes that can be concatenated
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with optical amplifiers is significantly larger than without employing optical amplifiers. In sec-
tion 4.4 this issue will be further analysed. It should be recognised, however, that there is a
certain point at which the quality (i.e., the SNR) of the signal becomes so poor that reliable
detection can not be guaranteed and the required BER can not be met. If, at this point, further
propagation of the signal is required, more sophisticated regeneration mechanisms (e.g., elec-
trical 3R regeneration) will be needed to enhance the quality of the signal. In addition, if the
optical transparency properties of the signal should be preserved, non-linear optical mecha-
nisms are needed to reshape and retime the signals. This, so called, all optical signal regenera-
tion is currently under study by many research groups, e.g. [MiDa96], [Ec97].

Thus, signal attenuation due to the splitters and couplers can be compensated for with an opti-
cal amplifier and does not impose a major restriction on the maximum size of a single OSP
node. At least, as we shall see in section 4.4, not for moderate and achievable OSPs. On the
other hand, the related aspect of complexity and cost should not be overlooked since these
grow linearly with Yp,s. The dominant factors in that context are the number of optical switches
and the electronic circuits controlling these switches.

Finally something should be said about realistic bit rates that can be achieved with the parallel
OSP configurations. In the Figure 4.3 until Figure 4.5 the maximum bit rate of 10Gb/s was as-
sumed. From an optical perspective this is not the limiting factor. Electro-optical modulators
which act as on-off gates exhibit extremely high bandwidths. In section 3.5 we have given an
outline of the possible candidates which can be used for this purpose. There, it was also ex-
plained that the real bottleneck of operation lies in the electrical domain. This is certainly true
for the SOA gate and, to a lesser extent, for the EA modulator and the MZ interferometer
switch. Hence, it is not the optical part of the switch that dominates the bit rate that can be
used, but the electrical part. The electronic control stretches out to all the circuitry that is
needed to perform the add and drop operation. This means that the complete switching proto-
col that is implemented in hardware should operate at the same speed as the optical part. The
notion that optics and electronics should operate at the same bit rates does not really argue in
favour of any of the OSP nodes. In other words, as long as electronics are needed, it is not a
solution that avoids the ‘electronic bottleneck’. However, not all applications require process-
ing at an extremely high bit rate. In chapter 3.4 we have discussed the OSP as header translator
that only processes the relatively slow bit rate of the header, whereas the high bit rate of pay-
load is left unaffected. Furthermore, the transparent behaviour to the signal wavelength re-
mains an important advantage of the OSP.

With the current electronic technology that is commercially available, 10 Gb/s operation is fea-
sible. At this bit rate simple logical functions, that are needed for the hardware implementation
of the switch protocol, the channel encoder/decoder and the transmitters and receivers, are
available. As an practical example of such bit rates we can, e.g., refer to the STM-64 SDH
systems which are already commercially available. Furthermore, low driving voltage Electro-
Optical modulators with low optical attenuation are also available at these bit rates. Besides
that, one can decide to design the electronic hardware in a parallel fashion (as shown in the en-
coder and decoder design that was described in chapter 3.5). In this way the overall processing
speed is reduced by the degree of parallelism, however, at the expense of increased hardware
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requirements. At the interfaces of such an electronic design, high speed components which
perform the serial-to-parallel and parallel-to-serial operation are still needed. Especially in sys-
tems with complicated electronic processing, like e.g. SDH ADMs, this is the typical way to
proceed. In literature, electrical components operating at 40 Gb/s and higher have been re-
ported and can be regarded as a viable technology [BuRu96]. The common expectation is,
however, that it will become more and more difficult and expensive to design and build sys-
tems operating at such high bit rates.

In conclusion, it can be argued that optical amplification is required to make any of the OSPs
really attractive in an optical network. Each OSP produces a significant amount of attenuation
and make the optical communication links in essence power limited. Optical amplification can
overcome this power limit at the expense of producing a new limit, the signal quality or noise
limit. This will be the scope of section 4.4.

4.2.2 Discussion

In the previous section the relation between the number of optical switches Yp,s and the signal
attenuation has been investigated. In chapter 3 we derived that Yp,s also relates to the channel
encoding constraints that are employed. In this context, it can be observed from Table 3.3 that
the capacity of a channel code starts to saturate for increasing values of Yp,s (~i). Hence, the
installation of extra hardware to acquire extra timeslot delays does not significantly reflect on
the efficiency of an OSP node.

For example, let us consider the general configuration for the parallel OSP in section 3.3.2. If
the i-constraints are increased from i=2 to i=3 we find, according to Table 3.3, that the coding
capacity increases with approximately 27%. If, however, the i-constraints are increased from
i=3 to i=4 the coding capacity increases with only 8%.

Hence, it is simply not worth the complexity and cost to design large OSP configurations.
Furthermore, we argue that the parallel OSP for OOK modulation with Yp=2 (i=1) is favour-
able above the other solutions for a number of reasons which are listed below:

• It has the best prospects with respect to cascadability (i.e., relatively low attenuation, see
Figure 4.4).

• Based on results that can be found in literature (e.g., [SoCh96], [ZhCa96]), and anticipat-
ing on results that will be shown in section 4.5, the configuration with the smallest number
of branches is favourable with respect to signal crosstalk beat noise.

• Although the system is only applicable for one modulation format, the parallel OSP with
Yp=2 can operate with a relatively high coding capacity considering the limited amount of
hardware. Moreover, the fixed modulation format is only a disadvantage in coherent opti-
cal communication systems.

• Because of its simplicity, the parallel OSP with Yp=2 is also preferred with respect to opti-
cal integration of the node on an optical micro-circuit. Integration of larger structures will
be a difficult task to perform.
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The serial OSP will not be studied in detail due to its poor performance compared to the par-
allel systems. The linear increase of the system attenuation and the small coding capacity make
this concept the least attractive among the possible solutions.

Therefore, we have chosen the parallel OSP model, having two branches, two optical gates and
one timeslot delay line (see Figure 4.6) to be used in the subsequent analysis. In the conclu-
sions of section 4.7 we will come back to the other OSP configurations. As will become clear
in the remaining sections, the overall conclusions that we will arrive at are also valid for the
configurations that will not be studied.

TB
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Rx add

Alignment
delay

Node control
electronics

Input Output

SW2

drop

Figure 4.6: Minimal OSP configuration that will be used for the transmission per-
formance analysis.

4.3 Concatenation of optical switches with non-ideal gating windows

The parallel OSP employs optical on-off gates to connect the output port to the branch which
contains the correct pulse. In that case, the function of the optical gate is to provide a precisely
defined window for the pulse passing through it. In other words, the gate must support the op-
tical transparency level (e.g., to wavelength, power level, bit rate, etc.) that has been defined in
the system. In the other case, if an input pulse must be blocked, the pulse energy should be
completely absorbed during this timeslot interval. Furthermore, the switch should be able to
instantaneously shift its state at the transition edge.

In practice, however, this function can not be fully achieved. Optical switches generally show a
certain amount of absorption in the on-state and vice versa. This behaviour is generally ex-
pressed in terms of optical loss (on-state) and optical isolation (off-state), respectively. When
used as a modulator with a Continuous Wave (CW) input, the switch dictates the extinction
ratio of the signal. It is defined as the ratio of the output power when the switch is in the off-
state to the output power when the switch is in the on-state.

For the operation of the OSP the effect of nonzero isolation can severely degrade the perform-
ance of the system since it may cause a power penalty due to crosstalk. Consider, e.g., the par-
allel OSP in which one switch is gated-on during the duration of a time slot. Due to the nonz-
ero isolation of the switch, the signals in the other branches are not fully blocked and a certain
amount of optical power will leak to the output coupler. There it can interfere with the signal
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from the branch that is in the on-state and, in this way, degrade the output signal. The implica-
tions of this effect will be subject to discussion in section 4.5.

Also the nonzero rise and fall times during a transition from the on-state to the off-state, or
vice versa, may impose certain implications. Depending on the electrical bandwidth of the
switch, it will take some time to change the state of the switch. This behaviour effectively al-
ters the shape of the switch window from rectangular to, approximately, trapezoidal. Conse-
quently, this trapezoidal window shape causes the deformation of the optical input pulses that
are passing through, resulting in a power penalty at the receiver. Since OSP modules can be
concatenated to fully exploit their attractive features, the power penalty of this gating-window
shaping effect depends on the number of switches that are traversed.

To show the impact of this effect we first consider a typical transfer response of an interfer-
ometric E/O-switch (e.g., a MZ modulator). An approximate window for such a switch can be
derived by assuming that the modulator has a cosine-like optical transmission response to a
linear increasing/decreasing voltage in time [SwCi95]. The result is given by

( )P t
T

t
T

t T

T t T

T
T

T
t T T t T

out

r

r
r

r f

f
B

f

B f B

=

+ −


 










 ≤ <

≤ ≤

+ − −
















 − < ≤














1

2

1

2 2
0

1

1

2

1

2 2

sin

sin

π

π

if 

if 

if 

(4.12)

with

• Tr the rise time of the pulse and
• Tf the fall time of the pulse
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Figure 4.7: Transmission window of a Mach Zehnder switch with Tr =Tf = 0.33TB and
the pulse shape after concatenation of 10 switch sections.

Its gating window shape has been illustrated in Figure 4.7, together with the window shape
that appears after a concatenation of 10 optical gates that are perfectly aligned in time. The rise
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and fall times are Tr =Tf = 0.33TB. From this figure, the effect of window narrowing is obvious
and appears to be similar to the well known effect (in the frequency domain) of passband nar-
rowing when filters are concatenated. The overall result for an optical pulse is a gating window
which is narrowed to a duration that approximately equals the duration for which the gate is
completely in the on-state (i.e., the flat top of the window). In Figure 4.8 the power penalty as
function of the number of concatenated switches has been given for an integrate-and-dump re-
ceiver type. It should be stressed that this is not the complete behaviour of the OSP since other
impairments such as timing inaccuracy of the switch was not considered here.
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Figure 4.8: Power penalty versus number of optical gates for NRZ pulse format for
different gating rise and fall times, Tf =Tr = 0.5TB and Tf =Tr =0.33TB.

With respect to the ideal situation in which a rectangular transmission window is available, a
penalty of approximately 1.7 dB is found in the first stage for Tr =Tf = 0.33TB. Due to the fact
that one third of the window is completely transparent, the curve of Figure 4.8 levels at a
power penalty of about 4.7 dB (not visible). In case that Tr =Tf = 0.5TB, half of the pulse energy
will be lost at the first switch stage, resulting in a power penalty of 3 dB. In subsequent stages,
pulse narrowing will become more dominant, yielding a fast increase of the power penalty.

Clearly, depending on the rise and fall time of the optical gates only a part of the bit period can
be used for fully transparent transmission. Since the power penalty is linearly dependent on the
received optical power, the application of fast switches may be used to reduce this impairment.
This puts a heavy burden on the design of the E/O switches which are used in the OSP. Alter-
natively, if we tolerate a certain power penalty due to this cascading effect of non-ideal
switches, the independence for the modulation format will be partly lost. This can be explained
by noticing that only when the switch is completely in the ‘ON’ state it can direct an arbitrary
modulation format to the output of the OSP. At the boundary of a switch window, when one
switch takes over from another, a glitch at output occurs which can be regarded as undesirable
amplitude modulation. Especially in case CW modulation formats, such as PSK or DPFSK are
employed these amplitude variations produce additional power penalties at the receiver.
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If the NRZ modulation format is applied at the input of a series of optical gates, the output will
slowly be transferred into a RZ modulation format. Again, the pulse width of this RZ format
equals that of the fully on-state of the switch window. In a network it is rather undesirable to
have to deal with a modulation format that changes as it passes through the network nodes. As
a matter of fact, each receiver needs to be designed in such a way that it operates satisfactory
for all of the pulse formats, best and worst case patterns. This requires an additional increase of
the dynamic range of such a receiver. Moreover, there is no clear reason for dealing with such
a situation. In order be assured of a well defined pulse shape at the output of each switch
stage, a RZ pulse format could be used from the start. By employing a pulse width that nicely
fits in the flat part of the switch’s transmission window, a stable output pulse format can be
expected. This approach is also known from optical packet switching networks in which pack-
ets are separated by a certain guardband to allow optical gates to change their state (e.g., the
ACTS KEOPS project [Ac98]).

The issues as discussed here can be generally applied to the E/O-switches that we are consid-
ering. Although their response and optical transfer is not completely equal to the example that
we have shown in this section, their rise and fall times remain nonzero. As a result, all optical
gates will show some window shaping effect for rectangular NRZ pulses. For instance, in
chapter 3.5 we have explained the operation of a EA modulator that has a clipping effect for its
electronic to optical transfer function. Due to this effect the width of the gating window can be
controlled by the amplitude of a sinusoidal driving voltage. In practice, however, the signal
pulses will not be completely rectangular because they are also generated by a modulator with
a limited bandwidth.

4.4 Concatenation of optically amplified processor sections

In this section we will look in more detail at the issues that come up when optical amplifiers
are introduced in a chain of OSP nodes. As discussed before, optical amplifiers are key com-
ponents which can combat the optical losses that make a transmission system essentially
‘power limited’. This term is commonly used to indicate that the power budget of a system is
completely consumed and the receiver’s sensitivity limit for error free operation has been
reached. In our case the reason for employing optical amplifiers need not solely be based on
enlargement of the power budget. Strictly speaking, a combination of amplification and optical
gating is also conceivable. This can be obtained by employing SOAs as switch and amplifica-
tion element, offering an attractive way to an efficient exploitation of resources.

These considerations do not only touch upon the cascadability of OSP nodes and have been
investigated in many other applications. Therefore we can extensively make use of results that
are found in literature. The objective of this section is to get insight into the parameters which
determine the number of OSP nodes that can be concatenated considering a certain error rate.
First, in section 4.4.1 we analyse the advantages and disadvantages that need to be considered
when selecting a certain type of amplifier, a SOA or an EDFA, respectively. Then, in section
4.4.2 we give an outline of the strategies that can be followed for supervision of the amplifiers,
i.e. a self regulating concatenation, constant output power monitoring and constant signal out-
put power monitoring, respectively. In section 4.4.3 we describe the amplifier models that we
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have used, including the noise contributions that are considered for performance analysis. Fi-
nally, in section 4.4.4 we show the results of the calculations and discuss the implications.

4.4.1 Semiconductor amplifiers versus fibre amplifiers

When we examine the amplifier possibilities for utilisation in a OSP environment, roughly two
alternatives are available for the 1550 nm transmission window. These types are known as the
Semiconductor Optical Amplifier (SOA) and the Erbium Doped Fibre Amplifier (EDFA). Gen-
erally speaking, in both types optical amplification is achieved by pumping of a gain medium, in
a SOA by means of electrons and in an EDFA by means of photons. It turns out that for both
types similar mechanisms can be used to accurately describe the amplification behaviour (see
e.g. [Ag97]). In relation to the application that we are considering here, and from a perform-
ance perspective, we will only focus on a few characteristics which are of major importance.
These are: bandwidth of operation, switching speed, noise behaviour, saturation power and
polarisation dependence.

Roughly speaking, the bandwidth of operation of an EDFA extends from 1500 to 1580 nm.
Hence, it can only be used for amplification in the 1.5 µm transmission window. Other types of

fibre amplifiers, such as the praseodymium fibre amplifier, have been designed to operate at the
1.3 µm transmission window [DaPe96]. However, these amplifier types are beyond the scope

of this thesis and will not be considered here. The SOA can be designed to operate at both the
1.3 and 1.5 µm transmission window and has a 3 dB amplifier bandwidth of approximately 70

nm. Therefore, in order to judge and compare similar OSP system concepts, we will assume
that both the SOA and the EDFA operate in the 1.5 µm transmission window.

A fast dynamic behaviour is a prerequisite for employment of an optical amplifier as switching
gate. Hence, to enable simultaneous gating and amplification, the switch should be absorptive
without pumping of the gain medium and optically transparent whenever the amplifier is
pumped. It is generally known that EDFAs have a gain recovery time constant which is in the
order of several milliseconds. Hence, fast on-off switching of such an amplifier with the pur-
pose to achieve a reasonable extinction between the ‘ON’ and ‘OFF’ state is not possible. The
SOA, on the other hand, has a gain recovery time in the order of 100-300 ps, implying that it
can simultaneously be used as optical amplifier and optical switch. In order to achieve accept-
able levels of amplification and thus extinction between ‘OFF’ and ‘ON’ state, it needs a rather
large electronic current pump in the order of 500 mA. Hence, although not impossible, it is
certainly not trivial to achieve such fast operation and a heavy burden is put on the design of
the electronic circuitry to supply this current.

Like all amplifiers, also optical amplifiers add noise to the signal which is being amplified.
Among the choices that we have, the EDFA is known for its extremely low noise performance.
In terms of amplifier noise figure Fn, defined as the ratio of the SNR at the output to the SNR
at the input of the amplifier, EDFAs can reach values close to the theoretical minimum of 3 dB
[Ag97]. The, so called, Amplified Spontaneous Emission (ASE) noise, which extends over the
entire bandwidth of the amplifier, is added to the signal during amplification and leads to the
introduction of additive noise sources at the time of signal detection. In this framework, we
refer to the signal-spontaneous beat noise (Ns-sp), which originates from the signal beating with
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the ASE noise, and the spontaneous-spontaneous beat noise (Nsp-sp), which originates from the
ASE noise beating with itself, as being dominant in our case. Due to the broadband character-
istics of ASE noise, reduction can be obtained by making use of (narrow band) optical filters
which exhibit maximal transmission at the signal wavelength. Filtering may also be used to pre-
vent ASE noise build-up in case several optical amplifiers are being concatenated. Due to in-
herent internal losses in the gain medium and the incomplete population inversion of a travel-
ling wave amplifier (e.g., a SOA), the noise figure is significantly larger [Ag97]. Typical noise
figures for these amplifiers are in the order of Fn=5-8 dB. As a result, cascading SOAs will lead
to a faster build-up of ASE noise than using EDFAs for this purpose. However, because the
SOA can also be used as optical switch, ASE noise power will be blocked if the switch is
turned off during a certain time. Since the isolation of SOAs is known to be relatively large (in
the order of 40 dB [EhEi93]) this means that some extent of noise reduction can be achieved
for the ZERO symbols. In the analysis of section 4.4.4 this is one of the issues that will be ex-
amined.

Another property which may contribute to the overall performance of optical amplifiers is gain
saturation. Without going into too much detail, saturation of the amplifier gain introduces a
non-linear relation between input and output power when the total input power becomes of the
same order as the saturation power. If homogeneous saturation and uniform pumping of the
amplifier is assumed, the signal gain, G, can be determined by the following implicit expression
[GiDe91]
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0 1exp (4.13)

in which

• G0 is the unsaturated small signal gain,
• Pin the total power at the input of the amplifier (i.e., signal and noise), and
• Psat the amplifier’s saturation power.

This expression is a reasonable approximation for both optical amplifiers, the EDFA and the
SOA, respectively. It turns out that at the typical point of operation for an EDFA the small
signal gain, G0, varies slowly with the pump power, whereas the saturation power can be con-
trolled by changing the pump power. For the SOA, the opposite relation approximately holds.
The small signal gain depends on the magnitude of the injection current, whereas the saturation
power remains constant [GiDe91]. Based on this insight, in the following subsection we will
discuss the ways in which a concatenated span of optical amplifiers can be supervised and
controlled. From an operational point of view, it is very undesirable to control the state of po-
larisation in a network. This is not a point of concern for EDFAs because polarisation depend-
ent gain is negligible. Historically, SOAs were known to have a strong polarisation dependent
gain. Recent developments, however, have shown that SOAs polarisation independent opera-
tion can be achieved by employing, e.g., quantum well designs [DoPo96]. Therefore, in the
remaining analysis we will assume polarisation independent operation of both amplifier types.

Finally, we endorse that optical amplifiers, and particularly SOAs, are subject to inter-channel
crosstalk in WDM systems due to gain saturation. Fortunately, in the OSP concept that we are
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proposing this does not impose extra penalties since only one data signal may be processed in
the OSP.

4.4.2 Concatenated amplifier sections

In subsection 4.2.1 it was shown that optical amplification is required to enlarge the power
budget such that a reasonable number of OSP nodes can be concatenated to justify the appli-
cation of such nodes and to model a useful network. Therefore, in this section we will outline
three possible applications in which optical amplifiers are used in combination with the OSP
principle. In Figure 4.9 an overview of these applications is given.
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Figure 4.9: Concatenation of amplified OSP nodes: 1) x: Mach-Zehnder modulators
and y: EDFA, 2) x: Electro Absorption modulators and y: EDFA, and 3) x:
SOAs y: interconnection cord.

Two of the options that we are considering employ an EDFA at the output of an OSP node,
such as we have considered before. In fact, there is no particular reason for the choice to insert
the EDFAs at the output of the OSP node. If we assume that the dominant losses are mainly
due to the design of the OSP nodes, and we neglect the attenuation of the fibre which inter-
connects the nodes, the EDFAs can also be envisaged at the input of a node. The third option
employs two SOAs which simultaneously act as amplifier and on-off switch. It needs no further
explanation that the SOAs are controlled according to the same switch protocol as was out-
lined in section 3.3.5. In all three cases optical filters with effective bandwidth B0 have been
installed just after the amplifiers to reduce the effects of ASE beat noise at the receivers. Alter-
natively, for application of the OSP in a WDM network, the noise reduction functionality of
the optical filters can be performed by a wavelength (de)multiplexer (e.g., an Arrayed
Waveguide Grating ). In general, the effective bandwidth of these components is even smaller
than that of a standard optical filter.

Many studies have been devoted to the analysis of systems in which amplifiers are concate-
nated to compensate for the system losses. With respect to this, the three options that we pres-
ent here are somewhat different because ASE noise build-up can partially be prevented by the
operation of the switches. Apart from this, there are a few methods for controlling such a chain
of amplifiers [GiDe91]:



4.4   Concatenation of optically amplified processor sections 97

1. The first one is know as ‘self regulating’ system in which there is no intentional control of
the total output power or the output signal power. As it turns out, free-running concate-
nated amplifiers for which the gain is large enough to compensates for the losses, show a
self regulating effect that leads to a stabilised total output power (signal and ASE noise).
Along the chain of amplifiers the signal power slowly decreases whereas the ASE noise in-
creases with a rate such that their sum remains constant. From an operational point of view,
this method is not very desirable since no adaptive control can be used in case the condi-
tions of operation are changing.

2. The second method that can be applied is to control the system in such a way that the total
power in the chain remains constant. This way of operation is used in most systems because
of the relative ease with which the total power can be monitored. The gain of an amplifier is
adjusted such that it nearly equals the span loss. However, since ASE noise will accumulate
along the chain, the signal power decreases at each stage, implying a reduction of the SNR.
In a way, this supervisory method is similar to the first method, only now the total power
remains constant over the entire chain, whereas in the first method the total output power
only stabilises after a small number of amplifiers.

3. The last option that can be applied is to keep the power of the signal constant along the
chain of amplifiers. This requires independent sensing of the signal with enough accuracy to
be able to select only the signal. This method has the advantage that the progress of the sig-
nal through each amplifier stage can be monitored, however, at the expense of extra hard-
ware. Regarding the concatenation of OSP nodes of Figure 4.9, in which only one wave-
length is used and optical filters are installed, the difference between the second and third
supervisory option is insignificant. Therefore, in the remaining analysis we will use the su-
pervisory method that keeps the total power (signal and ASE noise) in the chain constant.

4.4.3 Amplifier models and performance analysis
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Figure 4.10: Definitions of the loss parameters that will be used for the performance
evaluation of the Mach-Zehnder (MZ) and Electro-Absorption (EA)
switch with EDFA at the output.

In this section we will give an outline of the calculation models that will be applied to evaluate
the performance of the amplified chain of OSP nodes. In order to get a clear insight into the
differences between these options numerical calculations will be shown. First of all, the OSP
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nodes and the parameters that will be used for the calculations are given in Figure 4.10 and
Figure 4.11. The loss of the complete node will be 15 dB for every option that is under consid-
eration (refer to Table 4.1 for the numerical values).
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Figure 4.11: Definitions of the loss parameters that will be used for the performance
evaluation of the Semiconductor Optical Amplifier (SOA) switch.

Similar to [JiKa96] we use the procedure that is given in [GiDe91] to derive analytical expres-
sions for the gain of an amplifier chain. For a single amplifier stage with gain G, the relation
between the signal input power, Ps_in, and the signal output power, Ps_out, can be found as:

P LGPs out s in_ _= (4.14)

in which L=LEi+LEo (EDFA coupling losses, see Table 4.1) or L=Lsi+Lso (SOA coupling
losses, see Table 4.1), respectively. Due to the implicit expression in equation (4.13), standard
numerical methods must be applied to obtain an explicit expression for the gain. For polarisa-
tion independent operation, the single-sided spontaneous emission noise power which adds to
the signal is given by

( )P L n G h BASE out sp= −2 1 0ν (4.15)

where nsp represents the spontaneous emission factor, ν the centre frequency of the amplifier

bandwidth, h is Planck’s constant and Lout is the output coupling loss of the amplifier. Now, the
evolution of the signal power and the accumulated ASE noise power as function of the number
of nodes, i, that have been traversed can be found by using the iterative expressions

P L G Ps out i i i s out i_ , _ ,= −1 (4.16)

( )P L G P P L G P L n G h BASE i i i ASE i ASE i i i ASE i out i sp i, , , , ,= + = + −− −1 1 02 1 ν (4.17)

in which Li denotes the total loss that the signal experiences when propagating through the i-th
OSP node (here 15 dB) and Lout,i the combined output coupling losses of the amplifier and the
excess losses of the optical filter. Before the first amplifier has been reached no ASE noise is
present, hence Ps_out,0 equals the transmitter power PTx. The summation of equation (4.16) and
(4.17) equals the total output power that propagates towards the next OSP node. As discussed
in the previous section, the supervisory control equipment will fix this output to a level PTx.
The gain can then be expressed as
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In terms of operation, for increasing levels of PTx, this means that the supervision system needs
to adapt the saturation power (for an EDFA) or the unsaturated small signal gain (for a SOA)
to fulfil the requirement that is given by of equation (4.18). In both cases this is done by in-
creasing the pump energy. However, at a certain input level, further adjustment of the pump
energy is impossible, causing the amplifier gain to drop below its required value. The amplifier
is then operating in the saturated region. While under normal operation the gain nearly com-
pensates for the span losses, this will not be the case for operation in the saturated regime,
yielding a rapidly decay of the signal and the associated SNR.

Table 4.1: Description of the parameters and their values for numerical evaluation.

Parameter description Symbol Value

Bit rate Rb 2.5 Gb/s

Bit Error Rate BER 10-9

Receiver bandwidth Be 1.75 GHz

Signal wavelength λs 1550 nm

OSP input coupling loss L1 1 dB

Receiver input coupling loss L2 10 dB

Input power splitter loss L3 3 dB

Output power coupler loss L4 3 dB

Excess losses Mach Zehnder switch LMZ 4 dB

Excess losses Electro Absorption switch LEA 4 dB

Excess losses SOA switch LSOA 6 dB

Input coupling loss EDFA LEi 1 dB

Output coupling loss EDFA LEo 1 dB

Input coupling loss optical filter Lfi 1 dB

Output coupling loss optical filter Lfo 1 dB

Crosstalk Mach Zehnder switch (signal wavelength) εMZs ≤-30 dB (at λs)

Crosstalk Mach Zehnder switch (other wavelengths) εMZase -3 dB

Crosstalk Electro Absorption switch (any wavelength) εΕΑ >-30 dB

Crosstalk SOA switch (any wavelength) εSOA >-30 dB

Maximum saturation power EDFA Psat,E 10 dBm

Maximum saturation power SOA Psat,S 5 dBm

Spontaneous emission factor EDFA nsp,E 1.5

Spontaneous emission factor SOA nsp,S 3.5

Small signal gain EDFA G0,E 20 dB

Small signal gain SOA G0,S 20 dB

Bandwidth optical filter B0 125 GHz

Thermal noise current Ith 1.8 nA (~sens. -35 dBm)

So far, the analysis that we have outlined does not show any particular differences with respect
to other approaches that are known from literature. However, until now, the way of operation
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of the OSP has not been included. As shown in Figure 4.9, we have created three options that
behave similarly from a conceptual level. Considering that ZERO data symbols are created by
interruption of the transmission path, we see that differences may appear since accumulated
ASE noise may be (partially) blocked by the switches if a new ZERO symbol is created at the
output. It will be shown that the amount of ASE noise that is blocked at the output depends on
the type of on/off switch that we employ.

Due to the interferometric way of operation of a MZ modulator, on-off gating is achieved by
inducing a phase shift difference of 0 and π radians between the two arms of the interferome-

ter. Considering an ideal MZ modulator, both the optical signal and the ASE noise will be
blocked when the MZ modulator is in the ‘OFF’ state. However, due to the nonzero path-
length difference in practical MZ modulators, a wavelength sensitivity is introduced. As a re-
sult, for some wavelengths constructive interference is achieved while other wavelengths expe-
rience destructive interference. Hence, in the ‘OFF’ state of the MZ modulator, the signal
wavelength is maximally blocked whereas ASE noise will leak to the output port at other
wavelengths. From measurements found in literature [SuTa92] it is known that a noise reduc-
tion of 3-5 dB can be obtained when the MZ modulator is in the ‘OFF’ state. Hence, for op-
eration of the OSP with MZ switches, it follows that the ASE which propagates through the
branches of the OSP is not blocked if the switch is in the ‘ON’ state and only partially blocked
if switch is in the ‘OFF’ state. Thus, the ASE noise will add to the output signal even if the
OSP branch from which it originates is blocking the signal wavelength.

Unlike the MZ switch, the Electro Absorption switch does not have the disadvantage of being
extremely sensitive to the wavelength. Due to a completely different principle of operation, the
EA modulator in the off-state, shows the same absorption for the data signal and the ASE
noise that is present on its input. In addition, the EA switch can obtain much larger extinction
ratios and can be driven with a sinusoidal voltage. Considering that the absorption of a EA
modulator is at least 30 dB in the off state, for our performance analysis we only need to in-
clude the ASE accumulation that arises from data ONE symbols that appear at the output.

Also note that, for both the MZ and EA switch, the gain dynamics of the EDFA that follows
the OSP’s output coupler do not allow a fast response to the variations of the ASE noise
power that appears on data symbols due to noise reduction on the data ZERO symbols. Alter-
natively, due to the relatively large carrier lifetime, an integrating behaviour over the data sym-
bols may be expected which is dependent on the probability of data ONE and ZERO symbols,
respectively.

Finally, when the SOA is used as switch and amplifier, the accumulation of ASE noise is simi-
lar to the EA switch case because SOAs also show a large wavelength independent absorption
when in the off-state. However, unlike the EDFA, the fast gain dynamics of a SOA results in a
fast response to a change in ASE noise power for data ZERO and ONE symbols. As a conse-
quence, considering that a SOA exhibits an extinction ratio which is at least 20 dB, the sponta-
neous-spontaneous beat noise for the ZERO levels (Nsp-sp_0) will be neglected.

For the calculation of the corresponding ASE noise accumulation we need to make an as-
sumption about the distribution of ZERO and ONE symbols. This is due to the noise reduction
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that only can be applied to ZERO symbols. Therefore, in the remaining analysis, we will assume
the code-book design that was discussed in section 3.5.3 [So97]. For that particular design,
and considering equal probability of data symbols at the user level (P(‘ONE’) = P(‘ZERO’) =
0.5), the occurrence of symbols at the optical link level can be found to be P(ONE) = 0.68 and
P(ZERO) = 0.32.

For the evaluation of the performance, we will employ the standard analysis to calculate the
BER [Ol89], [StWa91]. As was outlined in equation (4.6) and (4.7), for noise sources with
Gaussian statistics and adjustment to an optimal decision level, the q-factor may be used to
compute the error rate.

Summarising, the following assumptions will be used for numerical analysis:

• perfect alignment between the signals which control the switches and the optical input sig-
nal,

• polarisation independent operation of the switches and the optical amplifiers
• absorptive state of any switch (ε) is at least 20 dB at the signal wavelength

• ASE noise spectrum is approximately white over the bandwidth that is considered
• the probabilities that a symbol is sent are, respectively, P(ONE)=0.68 and P(ZERO)=0.32
• infinite extinction ratio of the data signal (i.e. I0=0)
• spontaneous emission noise power is assumed to be single-sided

We may can express the dominant noise sources that contribute to the BER as [Ol89]:
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with:

• Nth the thermal noise of the receiver, which is independent of the received optical power,
• Ns-sp_0/1 the signal-spontaneous emission beat noise for data ZERO/ONE symbols,
• Nsp-sp_0/1 the spontaneous-spontaneous beat noise for data ZERO/ONE symbols and
• Ith the thermal noise of the receiver.

The definition of the other terms can be found in Table 4.1. The shot noise has been neglected
in this analysis because its contribution is only of minor importance. Due to the large extinction
ratio of the switches for the signal wavelength, the Ns-sp_0 beat noise can also be neglected.
Furthermore, in terms of ASE noise reduction for the data ZEROs we need to compensate for
the ASE power level, PASE, such that it complies with the switching option (MZ, EA or SOA)
that we consider. In the subsequent analysis this has been done through a slight modification of
the iterative expressions (4.16) and (4.17).

Refer to Table 4.1 for the definition of other parameters that have been used here. Using these
noise sources the q-factor can be given by
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Subsequent use of equation (4.6) yields the BER value. In this analysis we will use this equa-
tion to find the number of amplified OSP nodes that can be concatenated and to find the differ-
ences between the three switch options that can be observed. For computation of the models
we developed a numerical calculation model according to the information that has been sup-
plied in this section. Finally, we stress again that the effect of signal crosstalk, which originates
from the finite absorption of the switches in the off-state, has not been included here. This ef-
fect turns out to be of major importance with respect to the overall performance of concate-
nated OSP nodes and will be examined in more detail in section 4.5.

4.4.4 Results and discussion

In this section the results from the previous analysis will be shown. Employing constant total
output power supervision at the amplifier sections, we have calculated the number of amplified
OSP nodes that can be concatenated under the restriction that the BER remains below 10-9. To
get insight into the dynamic behaviour of the amplified OSP concatenation, these calculations
were repeated for a large total power (Ps+PASE) range.

First, for the parameters that are listed in Table 4.1, we show the impact of employing different
technologies for both the switches and the amplifiers. The results are shown in Figure 4.12.
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Figure 4.12: Number of amplified OSP nodes that can be concatenated versus average
input power (Ps+PASE) under the restriction that the BER ≤ 10-9; 1) MZ
switch + EDFA, 2) EA switch + EDFA, and 3) SOA switch and amplifier.

Some remarks can be made about the contents of this figure. First of all, it is clear that the
combination of the EA switch and EDFA shows the best performance. Although attractive
from an operational point of view, the SOA option shows a significant lower performance,
mainly due to the larger noise factor of this device. The Mach Zehnder switch option is almost
equal to the SOA switch option because of its significantly larger ASE noise accumulation.
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Also, for this device we have made the assumption that it is polarisation insensitive. This is not
true for the configuration that we assumed in Figure 4.9. To achieve polarisation independent
behaviour, a much more complex system with polarisation converters would be required. In
Figure 4.12, the horizontal axis displays the supervised total power level at the output of each
OSP section. Note that the average received optical power is 10 dB lower due to the 90/10
power coupler at the input of each OSP section.

Next, for some fixed supervision power levels, the associated power penalty compared to the
ideal system has been determined as function of the number of OSP nodes. The results are
shown in Figure 4.13 in which two sets of traces can be distinguished. The upper ones gives
the power penalty for a rather low power level of -20 dBm whereas the lower ones relate to a
supervised power level of 0 dBm.
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Figure 4.13: Power penalty versus number of traversed OSP nodes for supervised
power levels -20 dBm (upper traces) and 0 dBm (lower traces).

From this figure we can derive that a relative large constant power level along the span of OSP
nodes should be used to reduce the power penalty of the system. This result is also known
from concatenated amplifier spans only [GiDe91]. Hence, by proper adjustment of the total
power level we can compensate for the losses that are associated with the OSP sections and
concatenate a few dozens of amplifiers. However, in the next section it will be shown that this
conclusion only holds for switches with a extremely low signal crosstalk factor.

4.5 Crosstalk performance

In this section we will look further into the performance of an OSP node when crosstalk is
considered. We will start by examining the behaviour for a single stage OSP. Subsequently,
when we have reached a certain level of understanding about the issues that are playing, we
extend the analysis to a chain of OSP sections. Subsequently we will examine the combination
of amplification and signal crosstalk. The aim of this section is to derive an expression which
relates the power penalty, compared to the ideal system, to the number of OSP nodes that can
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be traversed for a certain switch isolation factor. An overview of the different crosstalk contri-
butions can be found in section 2.3.1.

4.5.1 Analysis of performance degradation due to crosstalk

According to the specification of the crosstalk of Figure 2.9 we can determine the crosstalk
type for the OSP node that is depicted in Figure 4.6. Because at this stage only a single wave-
length is assumed, we need not consider out-of-band crosstalk effects. Besides, if we would
consider a multi-wavelength system such as discussed in section 3.4.1, the analysis is similar to,
e.g., [ZhCa96]. Hence, only two types of crosstalk remains for our analysis, i.e., homodyne
coherent and homodyne incoherent crosstalk (see also chapter 2). It emanates from the non
ideal isolation of the E/O-switches and can be regarded as a signal separation and recombina-
tion including a path length difference that is exactly equal to the duration of one bit period. If
this path length difference is larger than the coherence length of the optical signal, in-band in-
coherent crosstalk effects should be considered. On the other hand, if the path length difference
is smaller than the signal’s coherence length, in-band coherent crosstalk should be regarded.
Depending on the combination of the coherence length of the source and the bit rate that is
employed we can determine whether coherent or incoherent crosstalk should be examined. As-
suming bit rates of at least 155 Mb/s the path length difference is in the order of, approxi-
mately, 1.3 m.

For simplicity, in the following analysis we will assume that the coherence length of the optical
source is such that incoherent crosstalk is the contributing factor. This assumption does not
hold for, e.g., externally modulated optical sources that are used in long haul communication
systems with coherence lengths in the order of 100 m. Then, coherent crosstalk, or a mixture
of coherent and incoherent crosstalk, should be considered. However, although the origin of
coherent and incoherent crosstalk is different, the effect over a long time scale will be equal
because only the time constant is different for both cases [De94]. This means that the instanta-
neous BER will show larger fluctuations for coherent crosstalk but the average BER over a
long period will approximately be the same.

Using this argument, for the power penalty calculation we can use results from literature
[GiCh89]. In case that we employ an OSP node with Yp=2 and E/O-switches with a finite iso-
lation are used, the signals which are present on both branches interfere at the output coupler.
The optical power that appears at the output can be found by noting that it is similar to homo-
dyne detection in a coherent system. Hence, considering that the path length difference be-
tween the two interfering signals equals one bit period, it can be written as

( ) ( ) ( ) ( ) ( )
( ) ( ) ( ) ( ) ( )( )
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K             cos ω φ∆
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in which

• ω is a random variable, representing the optical frequency,
• ∆φ(ΤΒ) is a random variable, representing the optical phase difference between the signals

Psw1(t) and Psw2(t), respectively, and
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• Asw1,2(t) the signal controlling the state of the switches which can be written as
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Note that this expression implicitly assumes a polarisation matching between the signal and
crosstalk terms.

Of the three terms on the right-hand side of equation (4.23), the first two are required for the
correct operation of the OSP node, whereas the third term expresses the interferometric noise
component. Clearly, the state for which Asw1(t)=Asw2(t)=1 should be avoided since it introduces
unacceptable large errors. However, depending on the magnitude of switch isolation ε, inter-

ferometric noise may significantly contribute to the overall performance. In order to evaluate
this performance, we need knowledge about the statistics of the phase difference ∆φ(TB) be-

tween signals in both OSP branches. According to [ArTu91], [CoAn96] this process can be
modelled as being Gaussian with a zero-mean value. Using this model and assuming a trans-
mitter with a short coherence length, the PDF of equation (4.23) can approximately be given
by

( )
( ) ( ) ( ) ( ) ( ) ( ) ( ) ( )( )

f y
A t P t A t P t T y A t P t A t P t T
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sw in sw in B sw in sw in B
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− − − − −

1

4 1 2 1 2

2
π

(4.24)

Rather obviously, this PDF can take on many different shapes, depending on the symbols
which appear in front of the switches sw1 and sw2 and the state of the switches, respectively.
To explore these shapes, we need to distinguish between a number of different scenarios that
can occur in the OSP because of the channel code that is employed. At every time slot in-
stance, two optical copies of the input signal are present in front of the switches sw1 and sw2.
Switch sw1 can forward the instantaneous input bit to the output whereas switch sw2 can for-
ward the previous input bit to the output. Like in section 4.4, we assume that the 8-to-14 bit
channel code will be used with equal probability that a code word is sent (for design of the
code book see [So97]). Then, we find the following probabilities for the occurrences of bits at
switch sw1 and sw2, respectively.

Table 4.2: Probabilities of symbols entering the switches according to [So97]

sw1=’x’ ∧ sw2=’y’ P(sw1=’x’ ∧ sw2=’y’ )

x = 1; y = 1 0.33
x = 1; y = 0 0.35
x = 0; y = 1 0.32

As stated before, the probability of ZERO and ONE symbols appearing at the output is
P(ZERO)=0.32 and P(ONE)=0.68, respectively. Thus, we need to distinguish six different
cases, i.e., the three dual-symbol occurrences at the input combined with the two symbol oc-
currences at the output.

The summation of the noise sources is mathematically equivalent to the convolution of the in-
dividual PDFs of the noise sources. Albeit this calculation can be performed numerically, the
sinusoidal character of the interferometric noise’s PDF makes it is rather difficult to acquire
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accurate results. It can be shown that for cases in which the thermal noise is the dominant noise
source, a Gaussian approximation may be used. In Figure 4.14 this has been illustrated. The
PDF for the thermal noise that has been depicted results in a BER=10-9 for equal probabilities
of ONEs and ZEROs if we assume that P1=1 mW and P0=0 mW. The PDF of the interferomet-
ric noise has been shown for ε = -10 dB. The convolution of both noise sources shows that the

summation of the stochastic variables is approximately Gaussian. It is stressed here that this is
approach is a simplified view of the actual system (see e.g., [ReSr98], [KoVe97]). Addition-
ally, in order to guarantee that the Gaussian approximation may be applied without introducing
large errors, we will only consider switch isolation values for which ε < -20 dB. Proceeding in

this way, we should recognise that the Gaussian approximation for single channel crosstalk
gives a slight overestimation of the power penalty [TaOd96].
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Figure 4.14: PDFs of the interferometric noise ε = -10 dB, the thermal noise and the
convoluted PDF of the thermal noise and interferometric noise.

Summarising, the calculations below will be based on the following assumptions:

• the receiver is an integrate-and-dump receiver in which the thermal noise (with Gaussian
PDF) dominates.

• the convolution of the thermal noise and the interferometric noise is approximately Gaus-
sian.

• the power isolation of optical switches is ε, with ε ≤ -20 dB.

• incoherent crosstalk is the contributing factor in the analysis
• the employed modulation format is NRZ with extinction ratio ε (the isolation of one

switch).
• ideal rise and fall times of the optical switches will be assumed.
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Given these assumptions and using matched polarisation between the signals from the two
branches, the six different OSP outputs that are possible after the first OSP node can be written
as:

Table 4.3: Output after first OSP node for different symbols appearing at the input
and output.

( )Pout ’ ’1 ( )Pout ’ ’0

( )Pin ’ ’11 ( ) ( )( )P P t1 1
21 2+ +ε ε ϕcos ∆ ( )( )2 21

2
1
2ε ε ϕP P t+ cos ∆

( )Pin ’ ’10 ( ) ( )( )P P t1
2 2

1
21 2+ +ε ε ϕcos ∆ ( ) ( )( )P P t1

2 3
1
22ε ε ε ϕ+ + cos ∆

( )Pin ’ ’01 ( ) ( )( )P P t1
2 2

1
21 2+ +ε ε ϕcos ∆ ( ) ( )( )P P t1

2 3
1
22ε ε ε ϕ+ + cos ∆

Here, P1 is the power of a symbol representing a ONE. This table clearly shows that the largest
contribution of interferometric noise originates from interfering ONEs (first entry of the first
row in Table 4.3). For the incoherent approximation that we employ, the cosine terms can be
removed because their mean value equals zero.  Then it can be derived that the worst-case ac-
cumulation of the crosstalk when i OSP nodes are being concatenated, behaves like a non con-
verging series. I.e., a ONE at the input of sw1 and sw2, and a ONE at the output of node OSPi

(=P1,i) introduces the largest signal-crosstalk beat noise. The output can be expressed as

( )P Pi
i

1 1 1, = + ε (4.25)

which, as a second order series approximation, can be written as

( )P P ii1 1 1, ≅ + ε (4.26)

For other cases, in which a ONE is present at the input of sw1 and sw2, and if a ZERO at the
output of node OSP i (=P0,i) is needed, we can write

( )P P P ii i0 1 12 2 1, ,= ≅ +ε ε ε (4.27)

This results shows that the contribution of signal-crosstalk beat noise which propagates
through a chain of OSP nodes of size Yp=2 scales approximately linear with the number of
nodes. This result is also known from crosstalk calculations of meshed networks [LiTo96],
[JiKa96].

Note that, for sufficiently large switch isolation, the extinction ratio of the signal is approxi-
mately determined by the isolation of the switches. From literature [Ag97] it is known that an
extinction ratio of approximately 13 dB results in a negligible power penalty of 0.4 dB for di-
rect detection receivers. This indicates that an OSP node with E/O-switches that have an isola-
tion ε < -20 dB are not experiencing any sensitivity degradation due to the finite extinction ra-

tio itself. In [SoCh96] it has been shown that there is also a strong relation between the extinc-
tion ratio and the interferometric noise behaviour. Due to the large extinction ratio that is
achieved with the OSP, this effect can also be neglected.

The calculation of the power penalty has been subject to research by many groups, e.g.
[LeHu94], [GoEs94]. As discussed, here we shall apply the Gaussian approximation, thereby
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recognising that the results give an overestimation because only one crosstalk signal is present.
Thus, the q-factor for optimised decision threshold can be written in terms of the weighted av-
erage received optical signal power, Pav, and noise variance as

( ) ( ) ( )( )
( ) ( )

q
R P

I I i I I i
e av

th xt th xt

=
− +

+ + +
1 1 0

2
0

2 2
1

2

ε εP P

, ,

’ ’ ’ ’
(4.28)

in which Ixt ,1
2  and Ixt ,0

2  are the signal-crosstalk beat noises for ONEs and ZEROs, respectively. In

the following we will assume that the signal-crosstalk beat noises are largely determined by the
signal ONEs, i.e. the situation in which a ONE is present in front of sw1 and sw2. Then, using the
PDF of equation (4.24), the noise variances can be found with rather straightforward calcula-
tion.
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with

• psx=1 for random polarisation and psx=2 for matched polarisation between data and cross-
talk signal

• P(‘11’) the probability that a ONE symbol is present in front of the switches sw1 and sw2,
respectively, and

• i, the number of OSP nodes that are being considered.

4.5.2 Results and discussion

In order to derive the power penalty, we need to compare the q-factor of equation (4.28) with
the situation for which the signal crosstalk is not present. An analytical approach for this cal-
culation would be profitable to get insight into the factors that dominate the penalty. Using the
equations as stated here, an accurate analytical tractability seems to be difficult. Therefore,
evaluation of the penalty will be performed numerically. In Figure 4.15 the results have been
shown for a single OSP node with psx=1 and psx=2. The worst-case penalty is found for
matching polarisation between the data and crosstalk signal whereas the best-case value can be
obtained for random polarisation (both at a BER=10-9). For our case, because the data and
crosstalk signal have the same origin, there will be a certain matching between the polarisation.
Albeit the degree of matching is strongly dependent on the type of OSP that we are consider-
ing (e.g. whether it is integrated, type of switches, etc.), we will assume the worst-case situa-
tion with complete polarisation matching.

It should be stressed that the power penalty which is depicted here is a virtual measure to show
the impact of the crosstalk. Unlike the definition of power penalty, it can not be compensated
for by increasing the transmitter power because the crosstalk term which interferes with the
signal originates from the same source. I.e. increasing the transmitter power results in an equal
increase of the crosstalk contribution. Still, the penalty curve reveals vital information about
the performance such as the BER floor which is related to the asymptote.
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Figure 4.15: Power penalty due to the crosstalk of one interfering channel for one OSP
node at BER=10-9. Matched and random polarisation between the data
and crosstalk channel.

From a system’s perspective we now consider a network with concatenated OSP nodes. An
interesting question which can be raised is to quantify the relation between the number of
nodes that can be traversed and the isolation of the E/O-switches that are being employed. This
relation has been illustrated in Figure 4.16.
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Figure 4.16: Relation between switch crosstalk and the concatenated number of nodes
with a maximum penalty of 1 dB and 2 dB, respectively.

Here, we have taken, respectively, 1 dB and 2 dB power penalties with matched polarisation as
the boundary condition to explore the worst-case scenario. From the figure we can deduce that
the requirements of the switch isolation become rather stringent for increasing number of
nodes and may be difficult to achieve. A straightforward way to solve this problem is to cas-
cade two (or more) E/O-switches. The disadvantages of this, so called, dilation are the intro-
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duction of extra complexity and, of course, the increasing costs. So far, the results only in-
cludes the incoherent crosstalk contribution and thermal noise at the receiver. The contribution
of other noise sources will be the focus of the next section.

4.5.3 Crosstalk in an amplified processor chain

A switch crosstalk of ~40 dB can be achieved by employing SOAs, MZs or EAs as optical
gates. In section 4.4 we have concluded that these options are not really limiting the perform-
ance for an amplified chain of OSP nodes (see Figure 4.12 and Figure 4.13) if the supervised
power level is selected properly. We also found that optical amplification is essential to com-
pensate for optical power losses. Therefore, we will now study the combined effect of amplifi-
cation and crosstalk on the overall system performance.

According to the analysis of concatenated optical amplifiers, which has been presented in sec-
tion 4.4, and the analysis of signal crosstalk as outlined in this section, a numerical evaluation
has been performed. For all noise sources the Gaussian approximation (addition of noise
sources) was used to obtain approximate results. Again, we assume an integrate-and-dump re-
ceiver with the thermal noise being dominant. For various switch isolation values we consider
the three options that we used in section 4.4, i.e., the MZ switch and the EA switch, both
combined with the EDFA and the SOA as amplifier and switch. The results are shown in
Figure 4.17a - Figure 4.17f for a 20 dB and 30 dB switch isolation, respectively.

Here, for all curves, the parameter values of Table 4.1 have been used for the calculations. As
discussed earlier, the signal crosstalk beat noise is found to be independent of the signal power.
This can also be observed for moderate and large power levels in Figure 4.17. For small power
levels, the thermal noise power dominates, causing a reduction of the number of OSP sections
that can be bridged. Examining the curves that illustrate the overall performance, we find that
for small power levels the optical amplifier noise dominates over the signal crosstalk beat noise
whereas for large power levels the crosstalk noise determines the ultimate number. Clearly, for
a switch isolation of 20 dB only 4 sections can be traversed under the BER limit that has been
set while 30 dB isolation results in approximately 40 sections. Also notice the performance for
the SOA switch at high power levels. The local maximum that can be perceived here, illustrates
the influence of the gain saturation that becomes evident at such power levels. The reason for
this effect not being visible in the other graphs is caused by the different values for the gain
saturation (see Table 4.1). Finally, we also performed some calculations for the EA and SOA
switch with 35 dB isolation when in the ‘OFF’ state. Then, it was found that approximately
140 OSP sections can be concatenated at moderate to high power levels (the evolution of the
curves is similar to the ones shown in Figure 4.17).



4.5   Crosstalk performance 111

0

5

10

-30 -25 -20 -15 -10

Transmitter power [dBm]

N
um

be
r 

of
 O

S
P

 n
od

es

ASE

crosstalk

crosstalk+ASE

0

10

20

30

40

50

-30 -25 -20 -15 -10 -5 0 5 10

Transmitter power [dBm]

N
um

be
r 

of
 O

S
P

 n
od

es

ASE

crosstalk

crosstalk+ASE

(a) EDFA + EA, εEA=-20 dB  (b) EDFA +EA, εEA=-30 dB

0

5

10

-30 -25 -20 -15 -10

Transmitter power [dBm]

N
um

be
r 

of
 O

S
P

 n
od

es

ASE

crosstalk

crosstalk+ASE

0

10

20

30

40

50

-30 -25 -20 -15 -10 -5 0 5

Transmitter power [dBm]

N
um

be
r 

of
 O

S
P

 n
od

es

ASE

crosstalk

crosstalk+ASE

(c) EDFA + MZ, εMZ=-20 dB  (d) EDFA +MZ, εMZ=-30 dB

0

5

10

-30 -25 -20 -15 -10

Transmitter power [dBm]

N
um

be
r 

of
 O

S
P

 n
od

es

ASE

crosstalk

crosstalk+ASE

0

10

20

30

40

50

-30 -25 -20 -15 -10 -5 0 5 10

Transmitter power [dBm]

N
um

be
r 

of
 O

S
P

 n
od

es

ASE

crosstalk

crosstalk+ASE

(e) SOA, εSOA=-20 dB  (f) SOA, εSOA=-30 dB

Figure 4.17: Number of concatenated OSP nodes (Yp=2) versus total supervised power
level (Ps+PASE). 1) only Ns-sp and Nsp-sp beat noise; 2) only Ns-xt beat noise; 3)
combination Ns-sp, Nsp-sp and Ns-xt.
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Considering the results that have been presented so far, we can infer that the signal crosstalk
ultimately dominates the performance of the OSP system that we are addressing. With respect
to this, the combination of the EDFA and EA switch gives the best performance over the
power level range, especially for small and moderate power levels. This is mainly caused by the
combination of the small amplifier noise factor and the noise reduction for ZERO symbols that
can be accomplished. However, because amplifier noise is not the dominating factor over the
whole region of operation, the other two options can be applied as well without imposing sig-
nificantly lower performance.

Now that the relation between the switch isolation and the number of nodes that can be trav-
ersed is know, the question arises if something can be done to improve this figure. As already
has been discussed, the reason for the monotone increase of the required switch isolation with
increasing number of nodes, emanates from the accumulation of signal crosstalk beat noise ac-
cording to the (1+ε)i series. Since this series is a straightforward interpretation of the network

structure, altering this expression implies a change of the OSP’s architecture. When examining
the signal-crosstalk beat noise of equation (4.29) and (4.30) we find that the crosstalk is domi-
nant for interfering ONEs at the input of switch sw1 and sw2. Hence, by minimising the prob-
ability of the occurrence of this situation, the interference noise could be effectively reduced.
This means that we should design the code book for the required RLL channel code in such a
way that the occurrence of repeated ONEs in the code book entries is minimised. One way to
achieve this, is to increase the length of the code words since this enables one to select code
words from a larger collection. This code book design rule contrasts with a result found in
[Go95] that concludes that the number of ‘isolated ones’ should be minimised to combat pulse
distortion as a result of fibre dispersion. Typical application of the latter design rule especially
holds for long haul, dispersion limited communication links. Since this is not the type of link
that is under consideration here, minimising crosstalk could be achieved by minimising the oc-
currence of repeated ONEs in the code book design.

Due to the fact that the signal crosstalk noise scales linearly with the number of interfering
ports, employing OSP designs with more than two input ports has, more or less, a predictable
effect on the concatenation performance. As such, a twofold increase of the parallel branches
will result in, at least, a twofold decrease of the number of sections that can be concatenated.
Here, we use the term ‘at least’ because the attenuation will be larger demanding for a larger
amplifier gain and, hence, an increase of the ASE noise accumulation. Again, there will be a
certain dependence on the design of the code book. The possibility that ONEs appear simulta-
neously at all the switch inputs will, on average, be smaller for larger OSP designs. In view of
the overall performance it will be clear that the largest concatenation can be achieved with the
smallest OSP configuration that is possible.

4.6 Timing jitter impairments

Whereas the previous two sections described the noise sources that are common in many sys-
tems, this section is devoted to an effect that is less common but also contributes to the system
performance degradation. It originates from the fact that an OSP section gates optical symbols
on a bit-by-bit level. The degradation that could appear can then be visualised by recognising
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that signal bits could be chopped off (with respect to pulse width), if the timing alignment be-
tween the optical gates and the input is not set correctly. This particular behaviour will be ad-
dressed in this section. First, we start with a brief survey of jitter, being the timing effect which
appears to dominate our analysis. Then we analytically address this misalignment effect for a
single OSP section. Subsequently, to simplify the computation, a Gaussian approximation of
the misalignment PDF is given. Finally, in section 4.6.5 we find (approximate) results for a
concatenation of OSP sections and we discuss the implications.

4.6.1 Introduction

According to the ITU-T recommendation G.701 [G.701], jitter can be defined as the ’short-
term non-cumulative variations of the significant instants of a digital signal from their ideal po-
sitions in time’. Timing variations with a low frequency component are known as wander
(normally periods in the order of one second ). This type of timing inaccuracy will not be con-
sidered here because it does not effect the system on a signal bit level. Thus, we assume that
the type of degradation that wander introduces is negligible, or can be corrected for. As out-
lined above, the issue that we will resolve in this section deals with the short term, high fre-
quency nature, of fluctuations on the optical signal. Before we start with our analysis, the
mechanism that introduces jitter will be explored first to get insight in the statistical behaviour.
Since literature about this subject is widely available, here we will only briefly discuss the re-
sults that are important for our analysis.

The sources of jitter can be classified as either systematic or unsystematic. As such, systematic
jitter is identified as accumulating in a similar fashion at each node, whereas all other jitter
sources are regarded as being unsystematic. Within this classification one can speak of corre-
lated (data pattern dependent) and uncorrelated (data pattern independent) jitter, respectively.
As an example of correlated systematic jitter one can think of a data pattern in which different
frequency components have different group delays (e.g. in a twisted pair cable). If the re-
ceiver’s equaliser does not exactly compensate for this group delay, jitter will be introduced.
Moreover, this type of jitter will accumulate each time it is regenerated by a receiver-
transmitter combination. Uncorrelated and unsystematic jitter sources are, e.g., external ran-
dom sources of radiation such as thermal noise.

For optical transmission systems it has been recognised that the dominant factor that intro-
duces jitter originates from a large set of noise sources, non linear effects and other impair-
ments that are inevitably present in a transmission channel. Among others, these include Rela-
tive Intensity Noise (RIN) at the transmitter, shot noise, thermal noise and beat noise products
of optical amplifiers, various types of fibre dispersion, etc. Hence, due to the large number of
noise sources that could be present at the input of the receiver, the Gaussian approximation is
generally applied. As a result of these random variations at the input, the clock recovery circuit
in the optical receiver will produce a bit synchronisation signal that also randomly fluctuates,
i.e. it contains timing jitter. Discussions about the mechanisms that relate the channel noise to
the accuracy of the synchronisation circuit are, e.g., covered in [GiHa92].

The most widely used synchronisation circuitry that is employed nowadays consists of a
Phased-Locked Loop (PLL) in which a Voltage Controlled Oscillator (VCO) is adjusted so
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that it maintains a constant phase angle relative to the system clock. Due to the low pass be-
haviour of the PLL’s loop filter, only low frequency noise components can influence the be-
haviour of the VCO. Or, in other words, the system clock will only be adjusted according to
the average received clock signal over many bit periods. As such, the propagation of the high
frequency noise (which appears in the time domain as jitter) through the PLL is blocked. The
result is a jitter reduction of the recovered clock compared to jitter on the optical input signal.
For the analysis in this section we are especially interested in the statistical properties of this
recovered clock signal.

In order to get some insight in jitter performance and its achievable measures we refer to the
ITU-G.958 recommendations [G.958] in which jitter is organised into three distinguishable
parts. These recommendations apply to STM-16 (2.5 Gb/s) electronic SDH regenerators and
show what may be expected from commercial electronic equipment. It states that the jitter
generation of equipment, defined as the output jitter with no jitter applied to the input, shall
not exceed 0.01TB RMS. This evaluates to Rbτj < 0.01 for a Gaussian PDF with zero mean and
standard deviation τj and bit rate Rb.

Now we will focus somewhat more on the behaviour of an OSP section. Each section contains
an optical receiver which is connected to the input of the system by means of an optical split-
ter. In this way the optical signal that is input into both parallel branches containing the E/O-
switches, is also available in an electronic format at the receiver. As discussed above, the bit
synchronisation circuit (PLL) synchronises to this input signal and acquires a clock signal that
is used for the remaining processing functions which take place after the receiver’s decision
circuit. These processing actions are a function of the dropped input data and the (externally
generated) add signal which contains the OSP output data. Details of the operation have been
discussed in section 3.3.5. Due to the low pass operation of the PLL circuit, there will be a
difference between the jitter which is present on the receiver clock and the actual timing jitter
on the optical information bearing input signal. Here it will be assumed that, for high frequen-
cies, the jitter on the recovered clock can be neglected compared to the optical input signal.
Hence, the electrical signals that control the E/O-switches sw1 and sw2 are considered to have
optimal timing with respect to the optical input signal.

4.6.2 Misalignment penalty for a single optical gate

First we will derive the power penalty of a system which consists of a single E/O switch. That
is, an optical pulse will be switched by one E/O-switch which provides a certain transmission
window for this action to take place. This is a reasonable approximation for the parallel OSP
configuration for OOK since only one switch may be gated in the ‘ON’ state at any time.

As discussed in the previous section, timing jitter in the system imposes a misalignment be-
tween the transparent switch window (which is controlled by the control pulse with voltage
Vctrl(t)) and the optical input pulse Pin(t). We argue that, as an approximation, the stochastic
variable which accounts for the misalignment can completely be attributed to the control pulse
Vctrl(t). After all, the circuitry that composes this control pulse was assumed to be insensitive to
timing jitter and, therefore, will cause misalignment with the input pulse. Furthermore, due to
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the large number of noise sources, we assume that this stochastic variable has a Gaussian PDF
with zero mean and standard deviation τj (see also [Ze72]).

Now suppose that a rectangular optical pulse, with constant power Pin and duration TB, enters
the switch at the optical input port (see Figure 4.18). This pulse will propagate to the output
port depending on the relation between the electrical voltage applied to the E/O-switch and the
transfer function of this switch. In this section,

• we only consider the parallel OSP for OOK with size Yp=2.
• the gating control pulse Vctrl(t) is rectangular with zero second rise and fall times, an infinite

extinction ratio and a pulse width TB.
• the optical pulses, entering an the first OSP section, will have an infinite extinction ratio

and a NRZ modulation format with pulse width TB.
• the magnitude of the timing misalignment is small compared to the bit period TB, i.e.,

Rbτj<<1.

• only one switch of the OSP is gated in the ‘ON’ state at the time and all switches are ex-
actly synchronised with respect to one another.

Consequently, the gating window of the E/O-switch will be rectangular and only be in the
‘ON’ state for a period which equals the pulse width TB. In section 4.3 we have shown the
performance consequences when more realistic pulse shapes are used.

Pin (t) Pout (t)

t0-TB/2 t0+TB/2t0t t
t0-TB/2 t0+TB/2t0

tt0

Vctrl (t) N(t0,τj)

Figure 4.18: Configuration of the timing jitter calculation for a single switch configura-
tion; N(t0,τj) represent the PDF of the timing jitter.

The optimal timing instant, t=t0 in Figure 4.18, represents the ideal situation for which the en-
tire input pulse is transmitted to the output. However, as depicted in Figure 4.19, some mis-
alignment between the switching window and the input pulse will undeniable result in a partly
blocked output pulse (i.e., the dark area in Figure 4.19). Moreover, accurate analysis of this
timing error reveals that the output pulse width (power) is equally reduced for positive and
negative misalignment of Vctrl(t). Hence, any deviation from the mean value will have a nega-
tive impact on the system’s performance.

Notice that the PDF, N(t0,τj), as depicted in Figure 4.18 and Figure 4.19, is largely exaggerated

to enhance the visualisation of the timing inaccuracy. It assumes a rather large probability for
the misalignment beyond the width of the optical input pulse. Of course, such a response
would result in a significantly narrowed (or completely removed) output pulse.
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The main purpose of this section is to find the relation between the misalignment of the control
pulse at the one hand and, the pulse width reduction of the output pulse on the other hand. Re-
duction of this pulse width, in turn, results in a reduction of optical power that impinges on the
photodiode in the subsequent OSP section. The power penalty represents the extra power
which must be inserted into the system to account for the associated losses of the system,
compared to the ideal situation with no losses. From an operational and system perspective it is
of interest to find the level of timing inaccuracy that may be tolerated to guarantee a certain
performance at the output of the system.

t0-TB/2 t0t

Pin (t) Pout (t)

t0+TB/2-∆t t
t0-TB/2 t0+TB/2t0

tt0 -∆t

Vctrl (t) N(t0,τj)

Figure 4.19: Effect of misalignment between input and control pulse due to jitter ∆t.

For convenience we start our analysis with the worst-case bit patterns which may appear at the
input of the switch. In a later stage we will correct for this. First, we need to distinguish be-
tween data ONE and ZERO input symbols. For ONE symbols, the OSP can be in the ‘ON’ or
the ‘OFF’ state, depending on the output signal that is required. For ZERO symbols, the OSP
must always be absorptive because ZEROs at the output are always constructed by interruption
of the transmission path for one bit period. Earlier, we have assumed that the misalignment is
such that τj is much smaller than one bit period. This assumption is not only realistic but also

an essential condition because otherwise wrong input pulses will be switched to the output
which leads to unacceptable large errors.

First we will examine in more detail the sequences that can appear in front of the switches of
an OSP section. Since the node’s optical processing properties can only be performed for cer-
tain constrained input patterns, these need to be explored. Recall that we assumed that all the
timing jitter is allocated at the optical receiver and control electronics of a section. Then, as-
suming that the optical receiver is of the integrate-and-dump type, reception an interpretation
of the received pulses will be aligned with the signal Vctrl(t) that controls the E/O-switches. De-
pending on the patterns that appear at the receiver’s input, different situations can be distin-
guished which have been shown in Figure 4.20.

Here a certain misalignment between the signal pulses and the gating window has been as-
sumed. As explained previously, the integrate-and-dump operation will take place in accor-
dance with the control pulses. This has been depicted in Figure 4.20 with the parameter t’ , i.e.,
integration is performed over the interval t’=0 until t’=TB. Note that, although this figure only
illustrates the consequences for negative values of ∆t, the same applies for positive values of
∆t. ONE symbols at the input will yield a maximally reduced pulse width at the output if they
appear in a sequence ‘010’ because this sequence is affected by negative as well as positive
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misalignment of the switch window. A sequence such as ‘110’ or ‘011’ is only affected by, or
negative, or positive misalignment. Finally, for the sequence ‘111’, the pulse width is not re-
duced at all if we only consider the second bit.

Pin (t)

t
-TB 0 TB 2TB

a)

t’=0 t’=TB

Pin (t)

t
-TB 0 TB 2TB

b)

t’=0 t’=TB

Pin (t)

t
-TB 0 TB 2TB

c)

t’=0 t’=TB

Pin (t)

t
-TB 0 TB 2TB

d)

t’=0 t’=TB

Figure 4.20: Four scenarios of possible input patterns concerning the detection of a
ONE symbol. The input sequence is: a) ‘111’; b) ‘ 011’; c) ‘ 110’ and d)
‘010’

One would argue that for ZERO symbols similar, but inverse, conditions must apply. However,
due to the constrained channel code of the input channel this is not the case. Depending on the
branching size of a section, this constraint determines the runlength of the ZERO symbols that
appear at the input. Since we focus on the use of the OSP of size Yp=2, only one pattern can be
expected at the input when a ZERO symbol should be detected. This pattern is ‘101’ and has
been depicted in Figure 4.21.

Pin (t)

t
-TB 0 TB 2TB

t’=0 t’=TB

Figure 4.21: The only input sequence when a ZERO symbol should be detected.

Again, it can be argued that this particular input sequence will give equal errors for positive
and negative misalignment. In fact, this sequence can be regarded as the opposite of the ‘010’
sequence when a ONE symbol should be detected. Hence, both sequences (‘010’ and ‘101’)
are worst-case patterns with respect to the evaluation of the misalignment. In the remaining
part of this section we will use these particular patterns. It will be clear that some correction
needs to be made because the worst-case patterns do not continually appear at the input of an
OSP section.

Assuming byte encoding, in section 3.3.3 we have found that 13 channel bits are sufficient to
satisfy to the runlength constraints for Yp=2. Depending on the design of the code book, there
will be a certain probability for the appearance of the patterns of Figure 4.20 and Figure 4.21 in
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a code word. Because there is a degree of freedom in the design of the code book, here we will
use the design of the 8-to-14 bit RLL encoder/decoder that was actually built in hardware (see
section 3.5.3). The look-up table that has been used in this design can be found in [So97].
Once the 256 entries are known there is still a degree of freedom left, namely, the way in which
these words are concatenated. Therefore, we have examined all possible occurrences of three
bit sequences inside the code words. When we assume an equal probability of the 14-bit code
words, the occurrences of three bit sub-sequences that cross a code word boundary can be ne-
glected (e.g., the first bit belongs to the next code word and previous two bits are part of the
previous code word). Using exhaustive search the following probabilities were found.

Table 4.4: Probabilities of occurrences of ZERO and ONE symbols.

‘xyz’ P(‘xyz’)

‘101’ 0.35
‘010’ 0.15
‘011’ 0.18
‘110’ 0.18
‘111’ 0.14

It is stressed here that, in the remaining analysis, we only consider the centre bit of this three
bit sub-sequences. Then, the worst case power penalty compared to the situation without mis-
alignment noise, denoted as Ωwc, arises for the patterns ‘010’ and ‘101’ (i.e., jitter adversely

affects the performance on both sides of the centre pulse). The other sequences which only in-
duce half of the worst-case power penalty are ‘011’ and ‘110’ for the ONE symbols. Com-
bining these arguments it can be found that:

( ) ( ) ( ) ( )Ω Ω Ω Ω Ω Ωtot wc wc wc wc wc= + + + ≈P P P P .’ ’ ’ ’ ’ ’ ’ ’101 010 011
1

2
110

1

2
0 68 (4.31)

with

• Ωtot  the total power penalty and
• Ωwc  the worst case power penalty.

Hence, first we will start with the calculation of the worst-case patterns ‘010’ and ‘101’.
Then, in the last stage of the analysis we compensate for this by applying equation (4.31).

In addition we need to consider the OSP node itself and explore to what extent the model of a
single switch can be used to mimic the complete behaviour. Because it has been assumed that
the OSP switches are perfectly synchronised to one another and only one switch is gated ‘ON’
per time slot instance, extra sources which could introduce signal crosstalk due to overlapping
pulses at the output need not be considered here. Furthermore, considering that the receiver
integrates over the pulse interval that matches with the control pulse, the single switch model is
an adequate replacement for the OSP when regarding misalignment noise.

4.6.3 Analytical analysis

In the first OSP section, the deterministic input pulse with power Pin(t) extends from t0-TB/2 to
t0+TB/2. The control pulse Vctrl(t), has its optimal starting point in time at t=t0-TB/2 For rectan-
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gular control pulses, the optical gating windows for the MZ and EA switch will also be rectan-
gular. In fact the same applies for the SOA, only then with a control current instead of a con-
trol voltage. Hence, an output pulse as a function of time can be written as

( ) ( ) ( )
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T
t t

T

out
in ctrl

B B

= − ≤ ≤ +
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and

• ∆t the stochastic variable that represents the timing misalignment due to jitter,
• P1 the pulse power for a ONE symbol and
• P0 the power for a ZERO symbol.

Furthermore, without loss of generality, in the remaining calculations we assume that t0=0 s.
As explained in section 4.1 we employ an integrate-and-dump receiver to obtain the perform-
ance and associated power penalty of a single section. Accordingly, the average received cur-
rent can be written as:
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in which

• TB denotes the bit time (Rb=1/TB), and
• Re the responsivity of the receiver’s photodiode.

The power penalty can be found by comparison of two situations: 1) the ideal system without
misalignment and 2) the system including misalignment at a given BER level.

The calculation of equation (4.33) for a ONE symbol yields:
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(4.34)

At this point it should be noted that no ‘noise’ sources are included other than the timing mis-
alignment ∆t. In an actual OSP section we should at least take into account the thermal noise

source that originates from the receiver. However, in order to enable analytical tractability, at
this stage we only consider ‘misalignment noise’. Other noise contributions will be included in
a later stage.
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As it turns out, expression (4.34) can be simplified to:
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The absolute value of ∆t accounts for the associated penalty that will be incurred for both

negative and positive values of the jitter on the control pulse. According to a similar calcula-
tion, the output current the for detection of a ZERO symbol is given by:
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Note that the equations (4.35) and (4.36) only hold for the worst case patterns that were de-
scribed previously. Both expressions have been depicted in Figure 4.22 to illustrate the graphi-
cal evolution of the misalignment PDF.

∆ t

P0

P1

-TB TB Pout

∆ t

P0

P1

-TB TB
Pout

Figure 4.22: Graphical representation of equation (4.35) and (4.36).

From this picture it can be seen that the PDFs for the ONE and ZERO symbols are non-
Gaussian. Hence, standard evaluation of the BER in terms of quality factor q, can not be ap-
plied here since it is only valid for Gaussian PDFs. Therefore, we will perform the calculation
on basis of the new PDFs and find the probability of making an error in identifying a ONE or a
ZERO.

According to equation (4.35) and (4.36) and techniques shown in, e.g. [Pa84], the PDF for the
time-averaged detected signal can be expressed as:
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for ONE symbols, and
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for ZERO symbols, where

• σma = Rbτj (Imax - Imin)
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• Imax and Imin the received current when, respectively, a ONE or a ZERO is sent in the ab-
sence of jitter and other noise sources.

Now, the probability of making an error can be found with straightforward calculation using
equation (4.2) and (4.3). Subsequently, the BER can be calculated according to equation (4.4).
When performing this calculation for an optimal decision threshold, it turns out that an analyti-
cal expression can be found which is written as:
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2

2
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In Figure 4.23, we have depicted this relation. Since no other noise sources have been in-
cluded, this figure illustrates the effect if only misalignment of the switch window is taken into
consideration. Moreover, this also explains the asymptote of the BER (to -∞, not visible) when
Rbτj approaches zero. The variable Rbτj has the physical significance of being part of the bit

time over which the misalignment of the switch window fluctuates within one standard devia-
tion of τj.
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Figure 4.23: BER versus misalignment parameter Rbτj (no other noise sources included)

Taking 10-9 as limiting BER value it follows that if Rbτj > 0.084 this performance limit can not

be achieved. Since no other noise sources are included in the calculation, this level also repre-
sents the best-case value. If other noise contributions, such as thermal receiver noise, are in-
cluded the analysis is not analytically tractable. Therefore, in the remaining analysis numerical
methods will be used to obtain approximating solutions.

In most cases the dominant noise source at the receiver is the thermal noise which originates
from the receiver’s input circuit. In the analysis it can be inserted as additive white Gaussian
noise with zero mean and a standard deviation σth which is written as
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In order to obtain the BER, we need to calculate the PDF of the sum of the received current
I0/1(t) and the thermal noise Ith(t) for the ONE and ZERO symbols, respectively. Because equa-
tion (4.37) and (4.38) are, more or less, similar we will only focus on the calculation of the
ONE symbols. Considering that the misalignment noise and the thermal noise are statistically
independent variables that cause fluctuations on the receiver current, the PDF can be found by
performing a convolution on the separate PDFs:

( ) ( )f z f z y f y yz I Ith
= −

−∞

∞∫
1 1
( ) d (4.41)

Because the PDF for the misalignment noise is limited by Imin and Imax, integration needs only to
be performed over this range. Also, when assuming that the isolation of the switches is large
(in section 4.4 we assumed ~20 dB), the extinction ratio of the signal will be such that the re-
ceived current for ZERO symbols is negligible. Hence, I0=0 and the result of equation (4.41)
after straightforward calculation yields
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In Figure 4.24 the PDF of equation (4.42) has been shown for some values of σth. From this

graphical representation it can be observed that the PDF is noticeably non Gaussian, especially
if the thermal noise is small compared to the ‘misalignment noise’. Again, notice that the PDF
is largely exaggerated to enhance the visibility.
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Figure 4.24: PDF of the thermal and misalignment noise for Rbτj=0.1 and σth=0, 0.02
and 0.05.
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Now the calculation of the probability of making an error in identifying a ONE can be found
with use of equation (4.2). For the sake of clearness it will be repeated here.

( ) ( )P f z zz

I d

01 =
−∞
∫ d (4.43)

Due to the complex expression for the PDF fz(z) we have to perform this calculation numeri-
cally. Due to symmetry, the probability of making an error in identifying a ZERO is exactly the
same as the error in identifying a ONE. Thus, expression (4.43) equals the BER for the worst
case patterns that we concentrate on.

Furthermore, in order to obtain the power penalty we need to find the average optical power,
Pav, for which this BER=10-9. Here, for an infinite extinction ratio, the average optical power
can written as:

P
I

Rav
e

= max

2
(4.44)

After numerical evaluation of (4.43) and solving it for Pav, the power penalty as function of
Rbτj can be derived. This penalty has been illustrated in Figure 4.25 with a thermal noise power
σth

2 such that a BER of 10-9 was found at Rbτj=0. Also, the compensation for the worst-case

patterns of equation (4.31) has been included.

From this figure it can be concluded that, for one switch, the power penalty that results from
the misalignment between the signal pulses and the gating window is not really significant. In
the introduction of this section we showed some worst-case performance measures for com-
mercially available SDH equipment. We found that the jitter generation may be as large as
Rbτj=0.01. Here, we find a 1 dB penalty in case the misalignment parameter Rbτj equals 0.06.

With regard to the small misalignment values the next section will be devoted to the estimation
of the error probability according to the Gaussian approximation.
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Figure 4.25: Power penalty (BER=10-9) versus misalignment factor Rbτj with the analy-
sis according to the PDF of equation (4.42) and the analysis according to
the Gaussian approximation (see section 4.6.4).
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4.6.4 Gaussian approximation

In this section we will give an analytical approximation for the numerical results that were ob-
tained in the previous section. The analysis is generally known as the Gaussian approximation
and has been outlined in section 4.1. Basically, the procedure that we need to perform is quite
simple and relies on the calculation of the mean and variance of the misalignment PDF for
ZERO and ONE symbols of equation (4.37) and (4.38). Hence, due to symmetry, the first and
second order moments of these equations are equal and can be expressed as
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with Pav the weighted average received power (recall that P(ZERO)=0.32 and P(ONE)=0.68).

Now, in terms of signal-to-noise ratio q it follows that
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With use of equation (4.6) and (4.8) this factor can be expressed in terms of an error probabil-
ity. Solving it for the average optical power and comparing it to the case in which the mis-
alignment is absent, results in the approximate power penalty. This penalty is found to be
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Note that this relation has not been compensated for the fact that equation (4.47) expresses the
worst-case SNR due to symbol pattern dependence such as discussed at the start of this sec-
tion. However, in Figure 4.25 the approximation has been illustrated including this compensa-
tion.

Discussion

In this section the power penalty as a function of the misalignment between the gating window
and the input pulses was investigated for a single E/O-switch. First, we showed a numerical
analysis and found the existence of a BER floor for a misalignment factor of approximately
Rbτj=0.08. Subsequently, we obtained an approximate analytical result by employing the Gaus-

sian approximation. Clearly, as a result of the non-Gaussian misalignment PDF, the Gaussian
approximation significantly underestimates the power penalty. On the other hand, for small
misalignment errors, the approximation that is presented here could be used without introduc-
ing large errors.
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4.6.5 Misalignment penalty for concatenated optical gates

In the previous section we have calculated the power penalty of a system that can be expected
if one E/O switch is controlled by an electrical pulse that contains some timing jitter. In this
section we will present a power penalty analysis of a chain of E/O switches, all being con-
trolled by separate control pulses that are contaminated with jitter. Such a configuration can be
thought to resemble a series of parallel OSPs. The worst case situation that can occur in a
chain of OSP nodes that is represented as follows.

Consider that each node OSPi communicates with node OSPi+1 and assume that an optical
pulse that originates from the first node (having an optical source) is gated to the output by
every OSPi section. Since only one switch per OSP may be switched ‘ON’ at the time, this
pulse is gated once by all the OSPs which are concatenated. To enhance the tractability of the
analysis, in the following we assume that all the signals and noise sources that control the tim-
ing events of the E/O gates are equal and statistically independent. This assumption can be jus-
tified since each OSP node has its own optical receiver, clock extraction circuitry and elec-
tronic control to operate the switches. If we neglect the optical attenuation, for a relatively
small standard deviation of the jitter, τj, at each node similar pulse shapes will appear. Clearly,

this is not true for large jitter values because a significant reduction of the pulse width in the
start of the chain will lead to inaccuracy of the clock recovery circuitry in the remaining receiv-
ers of the OSP chain. This, in turn, leads to a standard deviation of the jitter that increases
along the chain of OSP nodes.

Summarising, the concatenation of OSP sections can be visualised such as illustrated in Figure
4.26. Again, we assume rectangular pulses and switching windows. Analysis of the complete
system to obtain the overall power penalty is quite complicated since the pulse width of a pulse
entering node OSPi is a function of all previous nodes OSP1 - OSPi-1, even under the assump-
tion that the misalignment at each node is statistically independent. Then, using the assumption
of moderate misalignment, the analysis of the problem for any number of concatenated
switches n, n≥2 can be reduced to finding the largest negative and the largest positive deviation
∆t from its mean value t0. The largest negative deviation reduces the power of the propagating

pulse by slicing off some part of the end of the pulse, whereas the largest positive deviation
slices off some part at the beginning of the optical pulse. Any other switch with a misalignment
which is smaller than these absolute minimum and maximum limit will have no effect on the
pulse width in the last OSP stage.

Pin Pout

t=t0+∆tt tt=t0

tt=t0 -∆t

Vctrl N1(µj ,τj)

Pout

t

t

Vctrl
Nn(µj ,τj)

t=tn +∆t

Figure 4.26: Propagation of a pulse through a series of E/O-switches.
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Hence, the analysis reduces to finding the joint PDF of the minimum negative and maximum
positive jitter contribution in n independent distribution functions according to equation (4.42).
This operation has been depicted in Figure 4.27. Out of n nodes, one node will have the largest
misalignment with negative sign, ∆tmin, while one other node will have the largest misalign-
ment, ∆tmax, with positive sign (areas marked as ‘1’ and ‘2’ in Figure 4.27). The remaining

nodes will have no effect on the pulse shape if only timing jitter is considered.

Pin(t)

-TB/2 TB/2

Pout(t)

∆tmin

Vctrl_min(t)

Vctrl_max(t)

∆tmax

TB+ ∆tmin- ∆tmax

1 2

t0

Figure 4.27: Construction of output pulse after propagation through n switches.

Since we are only interested in the power penalty for the ensemble mean of a large number op-
tical pulses that are propagating through a series of OSP nodes, the problem reduces to finding
the largest maximum, ∆tmax, and largest minimum, ∆tmin, of n independent distribution functions

fy(y). Moreover, due to symmetry, we only need to obtain the largest maximum. The largest
minimum will be the same. According to results which are known from the order statistics, we
may use the following expression to acquire the PDF of the largest maximum
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For the PDF of equation (4.37) this expression yields
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In Figure 4.28 this expression is shown for some values of n.

Referring to the central limit theorem, it is expected that for sufficiently large n, the PDF
would evolve to a Gaussian shaped distribution function. Therefore, it is interesting to see that
the PDF is still not completely Gaussian for n=100. In analogy with section 4.6.3, we numeri-
cally calculate the convolution integral of equation (4.41) on the PDF of equation (4.50) in or-
der to obtain the PDF of the sum of the misalignment and thermal noise. Note that this opera-
tion will further shape the distribution function to a Gaussian PDF.
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Then, due to symmetry of the PDF for ZERO and ONE symbols we only need to calculate the
probability P(0|1) or P(1|0). Thereafter, we also need to compensate for the fact that the
worst-case penalty is found (see Table 4.4). Then, similar to the calculations in section 4.6.3,
we find the power penalty as function of n and Rbτj. The graphical results of this computation

are shown in Figure 4.29.
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Figure 4.28: The PDF of the received current I1 for n=1, 25 and 100 OSP nodes with
infinite extinction ratio and Rbτj=0.05.
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Figure 4.29: Power penalty as function of the number of OSP sections (n=1, 10, 20 and
60) and the jitter standard deviation relative to the symbol period (Rbτj).

Discussion

As can be expected, a larger power penalty must be tolerated if the number of sections in-
creases or, otherwise, smaller jitter standard deviations are required. Compared to the single
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switch analysis, we see that the power penalty increases rather rapidly for a small number of
concatenated sections whereas for a larger number a smaller increase of the penalty is ob-
served. Especially when the jitter is small compared to the bit time we can conclude that the
effect of misalignment between the control pulses and the optical data signals is of minor im-
portance compared to, e.g., the signal crosstalk noise analysis of section 4.5.

Also, it should be reminded that the approach that we have taken in the analysis includes a
number of assumptions. Probably the most important assumption is the rectangular shape of
the switch’s transmission and absorption window. In section 4.3 we have seen that this is not
the case when the bandwidth of the optical gate is relatively small compared to the bit rate.
Then, the NRZ modulation format changes to a RZ format along the series of OSP nodes. This
effect may, depending on the particular rise and fall times of the switch window, result in a sig-
nificant larger power penalty than the one that is found in this section.

On the other hand, utilising a RZ modulation format in the first place, such as proposed in sec-
tion 4.3, could have a positive effect on the jitter performance. Since this modulation format
guarantees a certain guard band in which the switch’s gating window may change state, it also
enlarges the tolerance for timing jitter. This has been visualised in Figure 4.30, in which a RZ
pulse with pulse width FWHM=TB/2 is being aligned with a switch window with pulse width
FWHM>TB/2 and finite rise and fall times.

Due to the guard band time of the RZ pulse, jitter on the pulse controlling the transmission
window does not directly influence the output pulse shape for moderate misalignment noise. In
this way a timing threshold is created at the expense of a power penalty offset if the system is
amplitude limited (i.e., equal amplitudes for NRZ and RZ pulses). Beyond this threshold similar
penalties as found in this section can be derived. In [ReRij97] we have taken this approach one
step further by assuming that the pulse shape of the signal as well as the shape of the gating
window is triangular. It is quite reasonable to approximate the Gaussian like pulses that appear
at the OSP input with triangular pulses, if high bit rates and/or pulse distortion due to disper-
sion needs to be accounted for. The gating window will be, approximately, triangular as well if
we consider high bit rates and a bandwidth limited optical gate.

Pin (t) Pout (t)

tt0-TB/4 t0+TB/4

tt0

Vctrl (t) N(t0,τj)

tt0-TB/4 t0+TB/4

Figure 4.30: Example of a RZ pulse stream that shows a certain tolerance to the timing
jitter of the gating window.

Figure 4.31 shows the rectangular and triangular scenarios that were examined, respectively. In
Figure 4.32, for these scenarios, the power penalty versus misalignment noise has been de-
picted. For this occasion the triangular scenario has been compared with a rectangular RZ sig-
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nal (duty cycle 50%, pulse width TB/2) in such a way that equal pulse energy was obtained for
both pulse shapes. Furthermore, the gating window for the rectangular RZ signal was also
taken rectangular with pulse width TB/2. The offset for the triangular pulse at Rbτj=0 emanates

from the fact that the pulse shape at the output of the OSP stage is the product of the input
pulse and the control pulse according to equation (4.32). This pulse contains less energy than
the rectangular output pulse at Rbτj=0.

t0

E/O gate to detector
Pin Pout

Vctrl

t

TB

a)

t t

TB

N(t0,σj)

t0

E/O gate to detector
Pin Pout

Vctrl

t

TB

b)

t t

TB

Figure 4.31: Misalignment for alternative pulse formats: a) Return-to-Zero modulation
(FWHM=TB/2) and b) triangular pulse shape (FWHM=TB/2).

The calculation of the scenario with triangular pulses is, in fact, quite complicated due to the
non-linear relation between the jitter and the jitter-induced current reduction. Since the inverse
of this function, which is necessary to obtain the PDF of the receiver current, can not be found
analytically, we need to apply numerical methods from the start of the analysis onwards.
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Figure 4.32: Power penalty versus Rbτj for single OSP section: 1) rectangular RZ pulse
with FWHM=TB/2 and 2) triangular pulse with FWHM=TB/2.

This numerical analysis is made as follows. Given a value of the jitter standard deviation Rbτj,

the jitter scale is divided in equally sized intervals. This has been done only for the range of
values that yield non-zero pulse energy at the output. Then, for each jitter interval, the corre-
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sponding current reduction interval and its associated probability can easily be determined. The
result is a discrete PDF which is convoluted with the thermal noise to yield the approximation
of the exact PDF.

Noticeable is the occurrence of the cross-over between the rectangular and triangular scenario
for, approximately, Rbτj=0.032. It shows that, apart from the penalty offset, the triangular

pulse shapes has a larger tolerance to timing jitter than the rectangular pulse. This larger toler-
ance can easily be explained by the fact that, for small jitter values, the reduction of the de-
tected current is non-linear and much smaller than the (linear) rectangular case. It should also
be pointed out that, for Figure 4.32, the values on the x-axis are reduced compared to the
other power penalty curves that were shown. This is due to the fact that RZ pulses were used
with a pulse width of TB/2 in a bit period of TB.

4.7 Conclusions

In this chapter the most important issues concerning the physical behaviour of concatenated
OSP sections have been addressed. Its impact on the performance has been shown in terms of
the number of sections that can be concatenated and its associated power penalties.

First we focused on the types of OSP arrangements that can be distinguished for both the par-
allel and serial configurations. On basis of this comparison we discussed the inherent attenua-
tion that these configurations have and concluded that optical amplification is a necessity to
enable concatenation of a significant number of OSP sections. Subsequently, we concluded
that the most attractive option would be the parallel configuration with Yp=2, because this type
introduces the smallest attenuation and requires the least amount of hardware. In addition to
this observation we found in section 4.5 that signal crosstalk beat noise scales linearly with the
number of ports per OSP. From this it can be inferred that maximising the number of nodes in
a network topology requires minimisation of the number of ports per OSP section. The signal
crosstalk beat noise introduces a performance degradation which can not be removed by any
conventional method such as, e.g. optical filtering. Regenerative functions such as, amongst
others, the NOLM [HaRa95] optical regenerator are required to reduce its effect. In general, it
is of major importance to use E/O-switches with a sufficiently large isolation when in the off-
state.

Furthermore, we found that the type of switch that is employed has a significant impact on the
performance. For penalty free operation switches with infinite rise and fall times are required.
As a result, if NRZ modulation is used, the zero fall and rise time of the switches introduce
NRZ to RZ modulation format conversion. With respect to this, it was found that the MZ
modulators, EA modulators and SOAs can be used as optical switches. For higher bit rates the
EA switch has the advantage of only requiring a sinusoidal drive voltage to control the gating
window of the switch. It also shows superior performance concerning the reduction of ASE
noise accumulation when optical amplifiers are incorporated. Due to the interferometric opera-
tion principle the MZ switch only shows significant absorption for the signal wavelength itself
when in the off-state, whereas the EA and SOA switch shows absorption over a broad wave-
length region.
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Using this behaviour, we showed in section 4.4 that the accumulation of the ASE noise can be
suppressed for the ZERO symbols that are created in the OSP section. There we also found
that for moderate optical power levels the number of OSP sections that can be concatenated is
not limited by the performance of the optical amplifiers. Although the EDFA outperforms the
SOA, the signal crosstalk beat noise remains the dominating factor of the design. For the val-
ues that we used in our analysis it was found that only 4 amplifier sections can be cascaded if
the switch isolation is 20 dB. Increasing this value to 35 dB results yields an increase of ap-
proximately 140 sections.

Finally, we investigated the effect of jitter that emerges as misalignment noise due to a mis-
match between the optical pulses that need to be switched and the gating window of the
switch. It was found that misalignment noise penalties are negligible if the standard deviation
of the jitter is smaller than 3% of the bit period. For larger values of the standard deviation a
rapid increase of the power penalty is found with a BER floor at approximately 8% of the bit
period.

When we apply our results to the other parallel and serial OSP configurations, some general
remarks can be made. First of all, more connecting ports means more loss of power and hence
more accumulated ASE noise if optical amplifiers are used. As discussed before, the signal
crosstalk beat noise scales linearly with the number of interfering ports. This property ex-
presses itself in such a way that fewer nodes can be traversed for larger OSP configurations
under equal conditions. Furthermore, larger arrangements are also more difficult to produce in
an integrated manner. Still, the advantage of an improved coding efficiency for larger OSP
configurations remains attractive.
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5. 

Performance analysis of a slotted ring network

One of the possible applications of the OSP that was outlined in section 3.4.2 focuses on high
bandwidth ring networks in, e.g., a LAN environment. In this chapter we will deal with this
utilisation from a network performance point of view. We will address the OSP as a means to
access the physical medium of a ring network according to a, so called, access mechanism
(AM). First, in section 5.1, we address the general concepts of slotted ring networks, together
with the notations that are required for our network description. Then, in section 5.2, we dis-
cuss the scope of the performance analysis and its relation to the OSP. Section 5.3 addresses
the application of the OSP in a slotted ring network, its principle of operation, the description
of the network protocol and the analytical performance analysis. For performance comparison,
in section 5.4, we summarise another AM that was found in literature [CaFo94]. This AM
shows a large resemblance with the OSP access node that we are considering. Furthermore,
since no analytical modelling of this AM has been presented so far, this topic will be considered
here as well. Subsequently, in section 5.5, we discuss the results of both AMs and compare
their network performances. Finally, in section 5.7, the conclusions will be given.

5.1 Slotted ring networks1

The protocols for slotted ring networks are found to be suitable for high speed local area net-
works (HSLANs) because of their good performance at high transmission rates (>100Mb/s).
The AM protocols, also known as MAC layer protocols, of these networks have been subject
to research by many groups. This has led to the design and realisation of a number of protocols
such as the Cambridge Fast Ring (CFR) [Te84], Orwell [FaAd85] and FXNET [CaDi86]. In
comparative evaluations of HSLAN protocols it was shown that the slotted ring topology
yields the highest channel utilisation [Li84].

In a slotted ring network the ring is partitioned into an integer number of equal length slots
(see also Figure 5.1). Slots circulate around the ring and can be empty or full. A full slot is oc-
cupied by a minipacket that originates from a transmitting station that is connected to the ring.
The packets which needs to be sent to another station in the ring are generally segmented into
minipackets that nicely fit into the payload space of a slot.

Depending on the AM and the contents of the slot, stations read, repeat or modify slots. When
a full slot that circulates around the ring reaches its destination, the minipacket is read and is

                                               
1 This section is based on: M. Zafirovic-Vukotic, I.G. Niemegeers, D.S. Valk, “Performance analysis of slotted

ring protocols in HSLANs, IEEE Journal on Selected Areas in Communications”, Vol. 6, No. 6, July 1988.
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passed on to the higher layers of the protocol stack. Basically, there are two ways to release of
slot, at the destination or at the source. In the first case, the destination station releases the slot
such that it may be used for the transmission of other minipackets. In the latter case the desti-
nation station reads the contents of the slot and replaces it by an acknowledgement which is
sent back to the source station for receipt confirmation. For a source release protocol there are
different choices about the number of slots that may be used by a source at the same time (e.g.,
CFR employs source release and may only use one slot at a time). For destination release AMs
typically more than one slot is in use by a station (e.g., the Orwell protocol). In order to pro-
vide a guaranteed bandwidth for the transfer of, for instance, delay sensitive traffic, special
precautions need to be taken to assure the availability of free slots to particular stations.

Slot 
rotation
direction

slot

Nn

N0

N1

N2

Figure 5.1: Slotted ring network structure.

Compared to medium speed LANs (e.g., IEEE P802), in HSLANs there are some remarkable
differences which are worth mentioning. 1. the traffic load characteristics of the large band-
width synchronous sources in HSLANs are different from moderate bandwidth sources in me-
dium speed LANs, 2. the payload field of a slot in a HSLAN is usually larger than for medium
speed LANs such that less slots per packet are required and 3. in HSLANs there are more slots
circulating than in medium speed LANs for the same configuration.

5.2 Scope of the performance analysis2

The aim of this chapter is to access the network performance of two AMs in a slotted ring
network on a physical layer level. The first AM (AM-1) is based on the medium access char-
acteristics of the OSP node operating as ADM. The second AM (AM-2) is based on a similar
optical ADM node that was found in literature ([FoCa93], [CaFo94]) and that has, to a certain
extent, equal medium access characteristics as the OSP node. Our main goal is to compare the

                                               
2 Parts of the remaining sections were also published in: J.M. Rijnders, V.F. Nicola, A.C. van Bochove,

“Performance analysis of a high speed slotted ring network with optically transparent access nodes”, in pr o-

ceedings ICT’97, Melbourne, pp. 1351-1356, March/April 1997.
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maximum throughput of these AMs in identical network configurations. We will introduce ap-
proximate models of the mean waiting time that a packet experiences when it needs to be
transferred. In addition we will derive exact analytical expressions that yield the stability limit
or, in other words, the maximum throughput of the network. To validate the approximations a
network simulator has been developed that accurately mimics the slotted ring network during
operation for both AM-1 and AM-2.

It should be noted here that this chapter will not evaluate the performance comparison of ex-
isting AMs for slotted ring networks. The performance analysis and network simulations of
these access protocols for slotted and token rings with mixed traffic services (synchronous and
asynchronous) have been extensively studied in [Za88].

5.2.1 Notation

Let us assume that the number of nodes in the ring equals n+1. The i-th node in the ring will be
denoted as Ni, 0≤i≤n; Rbe is the effective bitrate and Rbl is the actual bitrate on the ring (the

quotient of Rbe and Rbl equals the code rate R, see chapter 3.2). Furthermore, we assume that
an integer number of slots, having a duration of σ [time units], circulate around the ring. One

slot, consisting of a header and a payload, can carry at most one minipacket. Although not
strictly necessary, in the network simulator it has been assumed that a slot may be accessed by
only one node at the same time. As a consequence, the slot duration should be less than the
propagation time between any two nodes. At last, consider that user data consists of packets
that arrive at the node buffers Bi with arrival rate λ [packets/time unit]. Depending on the size

of the packets and the payload field of the slot, segmentation into minipacket might be neces-
sary.

5.3 Access Mechanism 1: OSP node

In the previous chapters the functionality and the performance of the OSP as ADM has been
discussed in detail. It is straightforward to see that an OSP node (or station) can be used to
provide access to the physical transport medium in a slotted ring network. In general, the re-
quired functions that need to be performed are: 1. extraction of the contents of a slot (reading),
2. inserting minipackets into a slot (writing) or 3. repeating the slot to the subsequent node in
the ring (relaying).

Clearly, all these functions are available in the OSP node. Hence, the ring network can be visu-
alised as illustrated in Figure 5.2. Because the OSPs have no local optical source, we assume
that one node serves as master node which feeds the ring with optical energy (i.e., slots). This
node is different from the OSP slave nodes and could, for instance, be regarded as a broadband
O/E-E/O regenerator station.



136 Performance analysis of a slotted ring network

Rx Tx

OSP
O

S
P

OSP

drop drop

drop

drop

add add

add
add

N0 N1

N2

Nn

Figure 5.2: Slotted ring network. N0 is master node with optical source, N1…Nn are
OSP slave nodes.

5.3.1 Operation principle

First, we will briefly recall the principle of operation of the OSP in context with the slotted ring
that is analysed here. We assume the smallest OSP hardware configuration that only can be
used for intensity modulation (see also Figure 4.6). An appropriate channel code, according to
section 3.3.3, is applied to the ring such that a ONE symbol is always available in front of
switch sw1 or sw2. The read operation is straightforward; the optical channel code is read by
the optical receiver and decoded by the node control. The write operation can be performed
according to the switch protocol that has been given in section 3.3.5 because optical signal
pulses are constantly available at sw1 or sw2. The relaying of a slot is performed by closing one
of the optical gates for the duration of a slot, i.e., σ time units. Clearly, to enable concatenation

of the OSP nodes the channel code constraint needs to be sustained for a complete circulation
around the ring. For the performance analysis it has been assumed that the most efficient byte-
oriented code book will be used such that the following relation holds (see also Table 3.8)

R Rbe bl=
8

13
. (5.1)

The master node can be constructed in a number of ways. Here we have chosen for an electri-
cal repeater station because the number of OSP nodes that can be concatenated is limited by
impairments such as accumulated noise and in-band crosstalk. Hence, due to the ‘recycling’ of
signal pulses in the OSP nodes, the quality of the signal deteriorates as we have shown in
chapter 4. Therefore we assume that the master station operates like an O/E-E/O repeater for
slots that are addressed to other nodes in the ring. Furthermore, it may act as an ordinary sta-
tion and send data to or receive data from other nodes in the ring.

Finally, we should mention that the alignment delay at the input of the OSP needs to be larger
than the delay that was assumed in previous examples of the OSP. The reason for this increase
is due to the fact that (parts of) the header field must be inspected before processing may start.
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5.3.2 Protocol description

Now we proceed with the description of the AM that will be used in our performance analysis.
A remote slave station Ni listens to the ring, it will examine each address, contained in the
header field of a slot. Depending on this address it will take one of the following actions:

1. if the address equals the node’s address it will proceed with the processing of the slot’s
payload field. The payload contents will be directed to a higher protocol layer that takes
care of further processing, e.g., to reassemble minipackets into packets. Moreover, if the
buffer Bi is occupied with minipackets, the node may immediately reuse the received slot
for the transmission of its own data.

2. if the slot is not addressed to that particular node it will close optical gate sw1 and, without
slot modification, forward the slot to the next node in the ring.

3. if no data needs to be send but the slot is addressed to that particular node, it will mark the
header field of the slot to indicate that any subsequent node may use it for the transmission
of data.

For the master station the AM protocol is slightly different due to the configuration and the
functionality of the node. Also the master station examines each address in the header of a slot.
Depending on this address it proceeds as follows:

1. if the address equals the node’s address it will process the information content and, if data
needs to be sent, it will modulate these contents on the laser carrier according to the chan-
nel code.

2. if the slot is not addressed to the master station it will, without modification, remodulate
the received slot on the laser carrier and forward it to the first slave station in the ring.

3. if no data needs to be send but the slot is addressed to the master station, it will send out a
dummy packet that is recognised by the slave nodes as being empty and available for fur-
ther usage.

Note that so far only point-to-point communication has been assumed. However, point-to-
multipoint or broadcast communication can easily be implemented by addressing a slot to the
last node of the ring that belongs to the communication session. Then, by reserving a part of
the header for node signalling, each intermediate node that is passed can read the payload
contents and forward the slot without modification to the next node. Only the last node of the
communication session may use the slot for sending its own data.

Another issue which could lead to unwanted network operation is known as hogging and could
arise when two nodes in the ring need to exchange a large amount of information. Each slot
that is addressed for a node (or which is empty) may be used for transmitting data to the other
node and vice versa. As a result, the protocol allows that all slots of the ring are used for this
communication session, leaving no bandwidth for the other stations in the ring. This problem is
generally known in slotted ring networks and there are a number of ways to resolve it. For in-
stance, in the Orwell protocol each slot that is addressed to a node may only be used by the
following node in the ring for data transmission. In such a way bandwidth is always provided in
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a cyclic manner. Another example is used in the CFR and only allows a station to use one slot
at a time. For the performance analysis that will be presented here, this issue is beyond the
scope of the dissertation.

5.3.3 Analytical modelling

The analytical model will be used to allow for quantitative performance comparisons between
AM-1 that was described in the previous section, and AM-2 that will be outlined in section 5.4.
The analysis is important to obtain insight into the extent of performance gains for various
network parameters and workloads. We will consider two performance measures for evalua-
tion and comparison, the stability limit and the mean waiting time of a packet, respectively.

The stability limit is defined as the maximum throughput [packets/time unit] that can be sus-
tained by the network while keeping all its nodes stable. In order to identify the stability of a
network node, we define the waiting time of a minipacket to be the time between its arrival to
the node buffer Bi and the beginning of its transmission onto the ring. A network node is stable
if the steady-state mean waiting time of its arriving minipackets is finite. The second perform-
ance measure that we consider is the mean waiting time of a minipacket. In the remainder, it
will be assumed that the communication between nodes is uniform, i.e., a minipacket from a
given node is destined to any other node with equal probability. Note that, because of this op-
erational symmetry in AM-1, the stability limit (and the mean waiting time) is the same for all
nodes.

It is assumed that minipackets arrive randomly, according to a Poisson process, to all network
nodes. This assumption allows for some analytical tractability, while being perfectly adequate
for our main purpose of performing quantitative performance comparisons. As mentioned in
section 5.2.1, it is assumed that only one minipacket is transmitted from source to destination
using only one slot. Also, because one slot can not be used simultaneously by more than one
node, the number of slots (which determines the length of the ring) should be at least equal to
the number of nodes in the ring. Increasing the number of slots further to exceed the number of
nodes causes performance degradation, since the propagation time between any two nodes also
increases proportionally. Therefore, it is optimal to set the number of slots equal to the number
of nodes on the ring. In other words, the optimal length of the ring is determined by the num-
ber of nodes times the slot size.

Maximum throughput

First, we define the propagation time (in slots) needed to deliver a minipacket from Ni to Nj as
xij, 0≤i≠j≤n. Then we find that xij=j-i, if j>i; otherwise, xij=n+1+j-i, if j<i. The packet propaga-
tion time at Ni is therefore a random variable denoted by xi, whose mean xi  can be determined
by averaging over all possible destinations Nj (j≠i). Note that, because of symmetry, all xi , for
0≤i≤ n, are equal to, say, x . Making use of the assumption that the communication between
nodes is uniform, i.e., a packet from Ni is destined to node Nj (j≠i) with probability 1/n (∀ i, j),
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Because of symmetry, the stability of one node implies the stability of all network nodes. A
node is stable if the packet arrival rate, λ, is less than the average packet propagation rate

( )1 σx . It follows that the maximum throughput per node for AM-1 is given by

λ σmax
AM

n
1 2

1
=

+( )
. (5.3)

Note that the maximum throughput for the entire ring is independent of the number of nodes
and equals to 2/σ (i.e., two minipackets per slot).

Mean waiting time

Again, because of symmetry, we may consider an approximate model of an arbitrary node in
the network. This node may be viewed as a single server queuing system in which packets ar-
rive according to a Poisson process at rate λ. The packet service time in this system is the time

between two available slots, a random variable denoted by S. Whenever a slot is available and
there are no minipackets in the queue, the server takes a vacation, whose duration V is the time
until the next available slot. Note that V is a random variable which is identical to the service
time S. Assuming that the service and vacation times are independent, the system can be mod-
elled by a single server queue with multiple vacations whenever the queue is empty. An expres-
sion for the mean waiting time E(W) in this system (with V=S) is given by (see, e.g., [Ta91])

E( )
E( )

E( )( E( ))
W

S

S S
=

−

2

2 1 λ , (5.4)

in which the first and second moments of S is yet to be determined.

Consider the state of an arbitrary slot in the ring as seen by the node being modelled. This slot
may be available or unavailable (i.e., carrying a packet to some destination node). Define q to
be the steady-state probability that the slot is unavailable. If we consider a instantaneous com-
munication session between a particular transmitter and receiver, a slot is unavailable when it is
taking part in any of the other communication sessions. Using this argument, it can be shown
that q=λσ(n-1)/2. It follows that the steady-state probability, p, that the slot is available is
given by p=1-λσ(n-1)/2. Assuming that the states of consecutive slots as seen by the consid-

ered node are independent, then the expected number of slots between two consecutive avail-
able slots is given by 1/p. This is also the expected service time, E(S), in slots. Hence

E( )
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S
n
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λσ1 1 2

. (5.5)

If consecutive slots were really independent, then the second moment E(S2) would be equal to
σ2(1+q)/p2. However, dependence among consecutive slots does exist and it increases with the

load on the network. In order to account for this dependence we propose to multiply
σ2(1+q)/p2 by the factor [1+(λσ(n-1)2/2(n+1))] to get E(S2). Then it follows that
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By using the equation (5.6) in equation (5.4) for E(W), we get an approximation of the mean
waiting time of a minipacket at any network node,
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5.3.4 Discussion

A simulation tool of the actual ring network was developed to validate the analytical approxi-
mations of the previous section (equation (5.5) - (5.7)). Similar to the analysis of [ZaNi88] the
size of the slots is 560 bits of which 48 bits are used for header information. The actual bitrate
on the transmission line was chosen Rbl=2.5 Gb/s. Using these values, the duration of a slot
equals σ = 364 ns.

In Figure 5.3 the results of the simulations and the analytical approximations are shown for
slotted ring networks with 3, 10 and 40 nodes, respectively. The horizontal axis represents the
arrival rate of minipackets at the node buffers in Mb/s whereas the horizontal axis depicts the
mean packet waiting time E(W) in µs. The asymptotes show the maximum throughput per

node as calculated by expression (5.3). The simulation results are obtained with a 95% half-
width confidence interval within 5% of the point estimate. From these figures it can be inferred
that all results are in very good agreement for different number of network nodes and over the
entire feasible range of workloads. Only for a small number of nodes and large network loads
we see that the approximation slightly overestimates the actual system behaviour.
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Figure 5.3: Mean waiting time E(W) versus arrival rate λ. Comparison between ana-
lytical approximation and simulation of AM-1 for a) n=2, b) n=9 and c)
n=39.
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5.4 Access Mechanism 2: Optical gating node

The protocol and the operating principle of AM-2 has been presented in [CaFo94]. Since the
behaviour of this network concept is similar to the application of the OSP in a slotted ring
network, we will use AM-2 for performance comparisons. In section 3.4.2 we already ad-
dressed the ring network application of this access node.

In section 5.4.1 we first briefly recall the operation principles of the optical gating node. Next,
we describe the protocol that was described and demonstrated in [CaFo94]. Then, in section
5.4.3 we introduce an analytical model for the evaluation of the maximum throughput and the
approximation of the mean waiting time. Finally, we verify the analytical approximations with
simulations of the real system.

5.4.1 Operation principle

Similar to the application of the OSP in the ring, for AM-2 two types of access stations are
used, a master station N0 and n slave stations N1…Nn. Refer to Figure 5.4 for the optical hard-
ware of these nodes. Only the master station has an optical transmitter for the insertion of
dummy slots onto the ring. Furthermore, all nodes consist of a receiver to analyse the contents
of the slots and a SOA that is simultaneously used as optical gate and optical amplifier. The
gating function is used by remote slave stations to modulate the contents of dummy packets or
to forward slots destined for other nodes in the ring. The amplifier restores the signal levels.
For the master node, the optical gate is adopted to remove slots from the ring by blocking their
signal.
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Figure 5.4: Schematic layout of optical gating nodes; a) master node; b) slave node.

5.4.2 Protocol description

The master station injects slots into the ring network. These slots may be empty or full since
the master station may also participate in communication sessions with other nodes. Empty
slots consist of a burst of CW light with duration σ, full slots consist of a payload and header

field. The latter contains the address of the slot destination and a bit which indicates that a slot
has been received by the destination station.

Remote access nodes examine each slot upon their content and take one of the following ac-
tions:

1. if the header address equals the node’s address, the node will process the minipacket in the
payload field and forward it to subsequent layers in the protocol stack. Furthermore, using
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its optical gate it will mark one bit in the header field (the ‘refresh bit’) to inform the master
station about the status of the slot.

2. if a particular slot is not addressed for a remote node, it will bias the SOA gate such that
the slot’s signal level is restored and the slot is forwarded to the next station in the ring.

3. if a CW slot is being received, and data needs to be transmitted, the node will modulate the
CW slot by means of the optical gate.

4. if a CW slot is being received, and no minipackets are available in the node buffer, the node
will forward this empty slot to the next station in the ring.

The master station N0 operates slightly different and takes the following actions upon the re-
ception of a slot:

1. if it receives a slot in which the ‘refresh bit’ is not set, it will forward the slot to the next
station in the ring.

2. if it receives a slot in which the ‘refresh bit’ is set, the slot is removed from the ring by
blocking its transmission by means of the optical gate. Using the optical transmitter a new
slot will be inserted onto the ring. This slot may be empty or full, depending on the con-
tents of the master node buffer.

3. if it receives a slot that is addressed for the master node, it will read and process the con-
tents of the payload and remove the slot from the ring. At the same time it will transmit a
new slot using the optical transmitter. Again, depending on the contents of the master node
buffer, this slot may be empty or full.

According to this description it can be found that a slot experiences at most two circulations
around the ring. This occurs when a node Ni addresses another node Nj and i>j. The master
node will then detect the ‘refresh bit’ during the second pass through the node.

Another important issue that is revealed by this description is the unfairness of the protocol to
nodes in the ring. Since slots can only be cleared by the master station, remote stations can not
immediately reuse a slot upon reception. Consequently, nodes which are situated at the far end
of the ring will receive, on average, less empty slots that may be used for transmission. To
achieve fairness, the protocol should be changed. However, since we merely use AM-2 for
performance comparison, this issue is beyond the scope of this thesis.

Finally, we acknowledge the differences between AM-1 and AM-2. Due to the construction of
the master node for AM-2, it is allowed for nodes to operate at different payload bitrates. I.e.,
nodes may send traffic to other nodes on the maximum common bitrate that they can deal with.
Only the header field needs to have a fixed bitrate because it must be read by all nodes in the
ring. Also, for this AM, the effective bitrate on the ring equals the line rate since no channel
coding is required. For AM-1, on the other hand, the bitrate is fixed (due to the one-bit optical
delay line in the OSP node) and reduced by a factor because of the channel code, see also ex-
pression (5.1). Note that fairness is also not fully guaranteed for AM-1, except for a uniform
communication between the nodes in the ring.
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5.4.3 Analytical modelling

Similar to the analytical modelling of AM-1, this section will deal with the modelling of AM-2.
Again, we study both the maximum throughput and approximations for the mean waiting time.
Like in section 5.3.3, assume that the network nodes have the same minipacket arrival rate λ.

Maximum throughput

A slot may be used to carry a minipacket from Ni only if it has been cleared by N0 and propa-
gated to Ni without being used by any one of the preceding nodes. Furthermore, the time it
takes a slot to carry a packet and become available to serve another packet is the propagation
time from source to destination and from destination back to N0. Therefore, the effective serv-
ice time to serve one packet from Ni is a random variable si, given by the sum of the following
propagation times: from N0 to Ni, from Ni to the receiving node, and from the receiving node
back to N0. For source Ni and destination Nj, the effective packet service time denoted by sij,
0<i≠j<n, is given by

( )s nij = +2 1σ , if 1 1≤ ≤ −j i , (5.8)

( )s nij = +σ 1 , if i j n+ ≤ ≤1  or j = 0. (5.9)

Assuming uniform communication between nodes, the mean effective packet service time at Ni,
denoted by si , is determined by averaging over all destinations. It follows that

( )s n0 1= +σ , if i = 0, and (5.10)

( )
( )s

n

n
n ii =

+
+ −

σ 1
1  , if 1≤ i≤ n. (5.11)

Let ρi, 0≤i≤n, be the utilisation of a slot in the ring due to packets from Ni. It is defined as the

fraction of time a slot in the ring is serving packets from Ni. The mean time required to serve
packets from Ni arriving in one time unit is λsi . The total capacity of the ring is (n+1) slots per

one time unit. It follows that

( )ρ λ λσ0 0 1= + =s n  , if i=0, and (5.12)

( )ρ λσi n i n= + − 1  , if 1≤ i≤n. (5.13)

Also, define βi to be the aggregate slot utilisation due to the first (i+1) nodes. Then

β ρ λσ0 0= =  , and (5.14)

( )( )β ρ λσi jj

i
n i i n= = + + −=∑ 1 2 1 2

0
, 1≤i≤n. (5.15)

Ni is stable if and only if the first (i+1) nodes are stable. That is, if the aggregate slot utilisation
due to the first (i+1) nodes, βi, is less than one. It follows that the maximum throughput (per

node) to keep the first (i+1) nodes stable is given by

( )( )λ
σmax

i

n i i n
=

+ + −
2

2 2 1
. (5.16)

Finally, the maximum throughput (per node) to keep all network nodes stable (i=n) is given by
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( )λ σmax
AM
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2 2

3 1
=

+
. (5.17)

Note that, unlike the AM-1 ring, the maximum throughput for the entire AM-2 ring decreases
as the number of nodes increases, and asymptotically reaches a constant value of 0.66/σ
(compare with a maximum throughput of 2/σ for the AM-1 ring).

Mean waiting time

As in section 5.3.3 we seek a simple queuing model to approximate the behaviour of the ring
network under the AM-2 protocol. The decreasing accessibility of free slots as we move away
from the N0 suggests a behaviour similar to that exhibited in a priority queuing system. There-
fore, we use a single server non pre-emptive priority queue to approximately model the be-
haviour of the AM-2 ring. Minipackets from N0 have the highest priority. Minipackets from Nn

have the lowest priority. Minipackets of all priority classes (0≤i≤n) arrive according to a Pois-
son process at rate λ. The service time of class i packets is a random variable Si determined by

the effective packet service time si divided by (n+1) (the total ring capacity in slots), i.e.,

S
s

ni
i=
+ 1

 , 0≤ i≤ n. (5.18)

The first two moments of Si are given by ( )s ni + 1  and ( )s ni
2 21+ , respectively, where si

2  is

the second moment of si. Then, using expression (5.10) and (5.11), it can be found that

( )s n0
2 2 21= +σ , if i=0 and (5.19)
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It follows that
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Analysis of queues with priorities is well reported in the literature (see, for example, [Ja68]).
For a non pre-emptive priority queue such as the one considered here, an expression for the
mean waiting time E(Wi) of class i customers (0≤ i≤ n) is given by

( ) ( )( )E W
r

i
i i

=
− − −1 1 1β β

, with ( )r E S j
j

n

=










=
∑1

2
2

0

λ . (5.23)

r is the expected remaining service time (i.e., the expected time until the beginning of the next
service) seen by a random arrival. Note, however, that packets arrive randomly at network
nodes, but can only be served at the beginning of a time slot. Therefore, there is always a
minimum waiting time whose average is σ/2 (i.e., half a slot). In order to account for this, the

expected remaining service time is modified to rn, which is given by
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Replacing r by rn in the above expression for E(Wi) yields an approximation to the mean wait-
ing time of  packets from Ni in the AM-2 ring. This approximation holds only when all network
nodes are stable (see equation (5.17)).

5.4.4 Discussion

Also for the AM-2 protocol a network simulator was developed to simulate the behaviour of
the real ring network. As discussed in the previous sections, due to the unfairness of the proto-
col, no symmetric behaviour is expected for the mean waiting time of the stations along the
ring. This behaviour is also found with use of the network simulator for n=9 (see Figure 5.5).
Again the bitrate on the channel was taken to be 2.5 Gb/s. To compare between AM-1 and
AM-2, we decided to adopt equal slot times σ, and therefore equal ring lengths. However,

since AM-2 does not need channel coding, different payload capacities were used. For AM-2 a
slot size of 910 bits was assumed, including 48 bits for the header field (as opposed to a slot
size of 560 bits for AM-1). Hence, the slot duration for AM-2 also equals σ= 364 ns.
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Figure 5.5: Mean waiting time E(W) versus arrival rate λ. Network simulation results
for AM-2 protocol with 10 nodes (including master node; not all nodes are
shown).

Figure 5.5 clearly illustrates the unfair behaviour at nodes along the ring in case of the AM-2
protocol. In order to compare these curves with the symmetric case of the AM-1 protocol it is
argued that the last node of the ring can be regarded as worst-case node since it experiences
the largest waiting times and is also the first to reach the stability limit (i.e., node N9).

The analytical approximation only holds when all network nodes are stable. Therefore we only
consider the system up to the first stability limit. The simulation and approximation results for
the last node (N9) have been shown in Figure 5.6 for 3 and 10 nodes, respectively. It is found
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that the approximation slightly overestimates the simulation results for larger network loads
and for a growing number of stations.

It appears that for larger networks the simulation is very time consuming. Therefore, we have
used the analytical approximations to get an impression of the performance for larger networks
(in this case 40 nodes, see Figure 5.7).
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lytical approximation and simulation of AM-2 for a) n=2 and b) n=9.
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Figure 5.7: Mean waiting time E(W) versus arrival rate λ. Analytical approximation
of the AM-2 protocol for n=39.

5.5 Performance comparison between the access mechanisms

At this point both protocols, AM-1 and AM-2, have been addressed and analysed separately.
In this section we will compare both protocols from a network performance point of view, un-
der the assumptions of symmetric arrivals and uniform communication between network
nodes. First we compare their performances on basis the maximum throughput that can be
achieved.

For AM-1 the maximum throughput of the complete ring network is independent of the num-
ber of nodes and equals 2/σ or, in other words, two minipackets per slot. This result can easily

be explained by the fact that the average destination of a slot, for a uniform traffic distribution,
is at the opposite site of the ring (i.e., half a circulation). For AM-2 the maximum throughput
decreases with the number of nodes in the ring and asymptotically reaches a value of 0.66/σ.

Although AM-1 has a reduced throughput due to the channel encoding, the maximum
throughput of AM-1 is still significantly larger than that of AM-2.

With respect to the mean waiting time that a minipacket experiences it can also be observed
that AM-1 considerably outperforms AM-2 (compare, e.g., Figure 5.3 and Figure 5.6). For
AM-2, especially because of the unfair distribution of the capacity of the network, nodes at the
far end of the ring experience a rapid increase of the mean waiting time. For AM-1 the total
ring capacity is equally distributed among network nodes. Hence, it shows a much more fair
and preferable operation of the ring network.

Generally, it can be concluded that the AM-2 protocol is not suitable for slotted ring operation
according to the way it is presented in [CaFo94]. Although the properties from an operational
point of view are attractive (e.g., bitrate transparency for the payload), the unfairness of the
protocol should be remedied. A possible solution could be to give each node a guaranteed
bandwidth by allocating specific slots to nodes. For example, a tag in the header field could be
used to indicate to a node that it may use, or not use, a particular slot. The consequence of this
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approach is, however, a reduction of the total network throughput because of the higher prob-
ability that slots may be left unused during their circulation.

Finally, it is stressed that the ring network employing the optical gating nodes (see Figure 5.4)
can, in general, be larger than the network employing the OSP because for equal switch isola-
tion values (see chapter 4). Unlike AM-2, for AM-1 the number of stations that can be con-
catenated is not crosstalk limited but dictated by ASE noise accumulation. In [CaTu95] it was
shown that, depending on the optical filter bandwidth, approximately 100-200 stations can be
concatenated.

5.6 Batch arrival model for Access Mechanism 1

Finally, we elaborate on some work which has been done to refine the analytical model of AM-
1. In section 5.3 we assumed that data packets arrive randomly according to a Poisson process.
Basically, this approach assumes that data packets directly fit into the payload field of a slot
and need not be segmented into minipackets. In general, however, this is not the case. Data
packets that arrive at a node may have a variable length and segmentation into minipackets is
often required. In this section this approach is evaluated by a batch arrival model in which the
data packets are arriving according to a Poisson process and the batch size (i.e., the number of
minipackets a data packet is split into) is geometrically distributed. This random variable of the
batch size is denoted by H and its mean value is given by E(H). We now can determine the
maximum throughput and approximate the mean waiting time of a minipacket in the batch arri-
val model under the same conditions as outlined in section 5.3.3. In other words, only the arri-
val process of data packets is modified; all the other assumptions that were used previously still
hold.

Maximum throughput

The maximum throughput as given by equation (5.3) only needs a slight modification to hold
for batch arrivals. Since the arrival rate of minipackets (the payload field of a slot) at a node
equals λ′=λE(H), the maximum throughput per node is given by

( )λ σmax
AM

n H
1 2

1
=

+( ) E
(5.25)

Hence, the maximum throughput per node (in data packets per second) will decrease with in-
creasing average batch sizes. Of course, the maximum throughput of the entire ring (in mini-
packet per second) is independent of the batch size and the number of nodes, and therefore
remains 2/σ, two minipackets per slot.

Mean waiting time

In section 5.3.3 we found an approximation for the mean waiting time based on a single server
queuing system with multiple vacations whenever the queue is empty. Expression (5.4) was
used to approximate the mean waiting time. For batch arrivals an additional factor is required
to obtain an expression for the mean waiting time. According to [Ko98] the approximation  is
given by
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Also here we account for the dependence among consecutive slots in the ring network by in-
cluding the same factor [1+(λ′σ(n-1)2/2(n+1))] which is used in section 5.3.3. Then, E(W) can

be written as
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Figure 5.8: Mean waiting time E(W) versus arrival rate λ. Comparison between ana-
lytical approximation and simulation of AM-1 with different batch sizes.
a) n=9, E(H)=1,2,3,4 and b) n=9, E(H)=6,8,10.

In Figure 5.8 the results of this analytical approximation are shown for n=9 and a geometric
batch size distribution; a) E(H)=1,2,3 and b) E(H)=8,9,10. For validation, the network simula-
tion results are also included. It can be observed that, for increasing average batch sizes, the
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analytical approximation slightly overestimates the mean waiting times. This is probably due to
stronger dependencies caused by the batch arrival process and which are not properly ac-
counted for in the present approximation. Further work on the refinement of this batch model
can be found in [Ko98].

5.7 Conclusions

In this chapter we considered the performance analysis of a slotted ring network employing
OSP nodes for accessing the network, i.e., AM-1. The performance of this access mechanism
is compared to another access mechanism known from literature [CaFo94] which employs op-
tical gating nodes, and which we refer to as AM-2.

First, we briefly addressed the behaviour of slotted ring networks and some of the access pro-
tocols that are in use. Subsequently, the access protocols of the two ring networks and their
means for accessing the physical medium were outlined. The most important difference be-
tween AM-1 and AM-2 turns out to be the way in which slots are refreshed and are made
ready for subsequent use. With AM-1 slots are recycled and therefore, after reception, directly
available for the transmission of data. In AM-2, slots that have been received must first be for-
warded to the master node for refreshment before they are available for the transmission of
new minipackets.

To quantitatively assess the differences between the protocols for the same network configura-
tion, analytical expressions were obtained for the maximum network throughput. Also, analyti-
cal approximations for the mean waiting time of a minipacket arriving at a node were estab-
lished. Validation of the analytical approximations by means of a network simulation showed
excellent agreement for both access protocols over the entire range of network and workload
parameters.

From these analytical models it was found that the network employing OSP nodes outperforms
the other network employing optical gating nodes. This is because in the former each node may
clear and immediately reuse slots, while in the latter network only the master station can clear
slots. Also, due to this behaviour an unfair distribution of empty slots results in AM-2. Stations
at the far end of the ring will receive fewer empty slots than stations situated at the beginning
of the ring, even for a uniform communication among network nodes. From this we conclude
that the network protocol AM-2 should not be applied in practice, but should be modified to
achieve better fairness among network nodes.

Access nodes based on the OSP system result in a fair distribution of the network capacity
among the stations in the ring. However, for non-uniform communication, hogging of the ring
could appear, for example when two nodes need to exchange a large amount of data. This is-
sue has not been resolved here and is subject for further research.
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6. 

Conclusions and further research

In this thesis the design, development and feasibility of an Optical Signal Processor (OSP) has
been addressed. This OSP utilises the recycling of optical signals such that wavelength and
modulation format independent modification of digital information in the optical domain is
achieved. This novel approach of optical information modification has not been presented
elsewhere yet and can be considered as a supplementary approach to further extend the reach
of optics in transmission and communication technology.

In the following section we will concisely outline the achieved contributions of this thesis. Sub-
sequently, in section 6.2 we will elaborate on topics which need further research.

6.1 Contributions

The current trend in broadband communications shows that capacity demands are increasing at
a rate of approximately 30% per year. In order to provide the transport of these large amounts
of data signals, extensive use of optical transmission technology is utilised. The current ten-
dency to increase the capacity of the existing fibre infrastructure is the deployment of Wave-
length Division Multiplexing (WDM). In WDM transmission channels are assigned to particu-
lar wavelength bands spaced on a predetermined grid. The progress in WDM technology has
quickly reached a mature level and extensive usage is foreseen in the near future.

At present, however, the switching and routing of these high data volumes are still being per-
formed by electronic cross-connects and switches. Current research is pursuing the develop-
ment of optical cross-connects to enable the routing of high speed data signals in the optical
domain. This development is driven by the understanding that optical cross-connects may be-
come economically attractive when switching needs to be performed at a bit rate granularity of
2.5 Gb/s and beyond. For similar reasons, Optical Add Drop Multiplexers (OADMs) are being
developed. These OADMs are capable of inserting and extracting wavelength channels to and
from transmission links. The advent of these systems could lead to networks that are ‘optically
transparent’ to the services that they provide. That is, due to the large bandwidth of the optical
network elements, one envisages networks that can support multiple transport formats (SDH,
ATM, PDH,…) at multiple bit rates (155 Mb/s…40 Gb/s) and at different modulation formats
(OOK, PSK, FSK, analogue…). The extent of optical transparency in networks is a still ongo-
ing discussion which is dominated by issues like network performance, network size, opera-
tional flexibility and, above all, the economical benefits.
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Within this approach, the OSP can be regarded as a wavelength independent (or transparent)
Add Drop Multiplexer (ADM) which can be utilised in an OADM as building block to extract
information from and insert information into a link. Because the OSP reuses the optical input
signal for the add function, it does not need a stabilised laser that emits light at the specified
wavelength. From an operational point of view, compared to the conventional approach in
WDM applications, the advantage of the OSP could be the reduction of spare parts which must
be kept in stock. Alternatively, using the same functionality, the OSP can also be used in
packet or cell switched networks to optically modify the header field.

In chapter 3 we have given an extensive overview of the OSP configurations that can be found.
We showed that two scenarios can be chosen for the construction of the OSP, a serial and a
parallel configuration. For the modification of the information, both configurations rely on the
encoding of the logical (user) information into a particular channel coding scheme. Prior to
transmission, the logical information that needs to be sent is translated into a constrained se-
quence and at the receiver the reverse operation is performed. The OSP operates at the level of
the encoded information and can modify the constrained sequences into other constrained se-
quences.

The serial OSP exhibits a remarkable analogy with the Time-Slot-Interchanger (TSI), a
switching element that is needed in (O)TDM networks. Processing is performed by permuting
constrained sequences. In principle, these permutations are independent of the (digital) modu-
lation format and the operating wavelength. It was shown that there is a distinct relation be-
tween the size of the serial OSP and the length of the encoded sequences. Hence, the com-
plexity and costs of the serial OSP can be traded-off at the expense of the code rate efficiency.

Unlike the serial OSP, the signal copying operation in the parallel OSP enables the usage of a
larger set of constrained sequences, thereby improving the coding efficiency. The sequences
are constrained such that the repetition of equal symbols in a sequence is strictly limited. This
guarantees the availability of both ZERO and ONE symbols within a certain time frame. The
parallel OSP can be regarded as an optical serial-to-parallel converter of this particular time
frame. Thus, after serial-to-parallel conversion, ZERO and ONE symbols will be simultaneously
available in each time slot. By means of optical gates the requested symbol can be switched to
the OSP output. By assuring that the channel code is also constrained at the OSP output, opti-
cal processing can be repeated in any of the subsequent OSP nodes.

We found two alternatives for the parallel OSP, one of which can be applied to any digital
modulation format whereas the other one only applies to intensity modulation. Since most op-
tical communication links employ intensity modulation, this last confinement is not really a dis-
advantage. Also here, we found an expression that relates the size and complexity of the OSP
to the code rate efficiency. It reveals that the complexity of the OSP increases linearly whereas
the code rate efficiency quickly saturates. Therefore, we showed that the smallest parallel OSP
is the most attractive configuration with respect to the code rate efficiency, complexity and
costs. It only allows the use of intensity modulation and utilises the fact that ZERO symbols can
be created by interruption of the transmission path.
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For this particular parallel OSP, we have given an overview of the electronic hardware that is
needed for the channel encoder, channel decoder and the switch control circuitry. Although no
fully operational OSP prototype has been built yet, the separate electronic functions (encoding,
decoding and gate control) were experimentally demonstrated at a bit rate of 622 Mb/s. The
optical part was demonstrated at a bit rate of 2.5 Gb/s and certainly proved the feasibility of
processing in the optical domain. It was shown that, apart from the desired modification of the
information content, the signal’s extinction ratio was improved due to the interruption of the
transmission path for the ‘ZERO’ symbols. The advantage of this signal regenerating function-
ality has not been confirmed with measurements yet. On the other hand, the experiments also
showed that optical gating at the system bit rate is certainly not trivial and introduces modula-
tion formatting effects due to the non-zero rise and fall times of optical switches.

In chapter 4 we addressed the transmission performance analysis. First we focused the at-
tenuation of the parallel and serial OSPs. We found that each of the configurations consumes a
considerable amount of the power budget which is available. From this investigation it can be
inferred that optical amplification is required to fully exploit the features of OSP concatenation
in an optical network.

Next, we addressed the effect that non-ideal optical gates have on the system performance.
From this analysis it was found that the modulation format independent operation of the OSP
is not evident in practical applications. Mainly due to the non-zero rise and fall times of the
optical gates, amplitude variations in the transmitted sequence will appear. In our system ex-
periments this effect contributed to the NRZ-to-RZ conversion of the modulation format.

In section 4.4 it was shown that optical amplifiers may be used to compensate for the optical
losses. In this perspective we looked at three system configurations: an erbium doped fibre
amplifier in combination with a mach-zehnder modulator or electro-absorption modulator as
optical gate, respectively, and a semiconductor optical amplifier, simultaneously acting as opti-
cal gate and amplifier. Although each of these configurations has a slightly different perform-
ance, it was shown that the dominating factor that limits the concatenation of OSP sections is
neither determined by the choice of optical amplifier nor the associated amplified spontaneous
emission noise.

Probably the most determining factor of the system performance is the crosstalk between de-
layed copies of the signal. Due to the non-ideal isolation of the optical gates, an attenuated and
delayed version of the signal can beat with the desired output signal, in our case leading to co-
herent crosstalk. To allow for analytical tractability, we have only considered incoherent cros-
stalk in our analysis. Although coherent crosstalk could be much more devastating than inco-
herent crosstalk, we argued that the effect will be approximately equal over a long time scale.
Under this approximation, we showed that the isolation of the optical gates is the dominating
factor concerning the concatenation of OSP nodes. Almost independent of the applied optical
amplifier, the isolation of the optical gates determines the number of OSP nodes that can be
concatenated. For a switch crosstalk factor of -20 dB only a few OSP nodes can be cascaded
whereas for -30 dB crosstalk in the order of 40 OSP nodes can be traversed.
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Finally, in section 4.6 we looked at the contributions of timing jitter to the system performance.
Evidently, when the transition time of an optical gate is contaminated with jitter, a part of the
optical input pulse will be chopped off. In this way, the timing jitter on the optical gates may
result in, so called, misalignment noise at the optical receiver of any subsequent OSP node. We
showed that the jitter-induced power penalty is relatively small for practical timing jitter values.
Also for a cascaded series of OSP nodes it was shown that only a small power penalty will be
introduced.

In chapter 5 we studied the behaviour of the parallel OSP as medium access mechanism in a
slotted ring network and compared its performance with a reference access mechanism that
was found in literature [CaFo94]. For both access mechanisms the access protocols were for-
mulated, followed by an analytical modelling of the maximum throughput and the mean waiting
time that a packet experiences when arriving in a queue. For validation purposes, we showed a
excellent agreement between the analytical analysis and the network simulation for a wide
range of network and workload parameters. From these results it was then concluded that the
OSP ring network significantly outperforms the reference ring network. Furthermore, the re-
sults showed that the reference network protocol is unfair, even for a uniform traffic distribu-
tion, and should not be applied in practice without modification.

6.2 Topics for further research

We should emphasise that there are a number of issues which need to be resolved before prac-
tical applications of the OSP can be considered. Below we have summarised the most impor-
tant issues that need further investigation. Of course, the issues for further study are not limited
to the list that is presented here. In literature new suggestions may be presented which can be
combined with the proposals and ideas given in this thesis.

• In section 3.2 we addressed the channel coding of the serial and parallel OSP in relation to
the number of optical gates that are required for processing. However, for most cases, the
cardinality of the constrained sequences was found by exhaustive search. By inspection of
the results one can observe recursive relations that express this cardinality. Therefore, it is
felt that a more thorough analytical approach could lead to a mathematical confirmation of
the results that we have obtained here.

• In addition to the previous aspect, a generalisation of the OSP concept to multi-level
(m-ary) binary data types seems possible. Then, instead of requiring simultaneous availabil-
ity of ONE and ZERO symbols all multi-level signals should be available within the same
time slot. The patent application of [RijBo96a] already includes this aspect but a further
elaboration is needed.

• Without any doubt, experimental work on the OSP is the most important aspect that
should be considered for future research. Experimental validation of the results obtained in
this thesis gives a better insight in the advantages and disadvantages of this proposed
method for signal processing. For instance, BER measurements, generally considered as
the ultimate transmission test, have not been obtained yet. In relation to this one can also
think of the impact of the signal reshaping and regeneration due to the suppressed gating of
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‘ZERO’ symbols. Finally, to demonstrate the complete OSP functionality, the integration of
all the system elements needs to be finished. As discussed in section 3.5, the channel en-
coder, the channel decoder and the optical gating control circuits are already operational.
However, the OSP node has never been tested and demonstrated as a complete system.

• Once experimental work is planned, a verification of our incoherent crosstalk approxima-
tion approach would be very interesting (see section 4.5). Since the isolation of the optical
gates is the most dominating aspect, work should be directed towards a better understand-
ing of these crosstalk issues and their propagation through networks. In addition, one
could visualise systems in which the coherence length of the optical source is such that co-
herent crosstalk is the contributing factor that determines the performance. This aspect has
not been analysed in this thesis and remains an important issue to be resolved.

• In chapter 5 we have outlined a relatively simple ring network performance analysis ap-
proach. We assumed uniform traffic distributions and symmetrical arrival patterns of data
packets to the network nodes. Further research in this direction could, for instance, focus
on other traffic distributions and/or arrival rates. Also, modification and refinement of the
access protocol could be an interesting issue (e.g., to prevent hogging of the ring when two
nodes need to exchange a large amount of information).
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List of abbreviations and symbols

ADM Add Drop Multiplexer
AEDL Adjustable Electrical Delay Line
AM Access Mechanism
ASE Amplified Spontaneous Emission
ATM Asynchronous Transfer Mode
AWG Arrayed Waveguide Grating
BER Bit Error Rate
BIP Bit Interleaved Parity
B-ISDN Broadband Integrated Services Digital Network
CDM Code Division Multiplexing
CDMA Code Division Multiple Access
CFR Cambridge Fast Ring
CMI Coded Mark Inversion
CPFSK Continuous Phase Frequency Shift Keying
CW Continuous Wave
EA Electro Absorption
EAD Electrical Alignment Delay
EDFA Erbium Doped Fibre Amplifier
FDL Fibre Delay Line
FDM Frequency Division Multiplexing
FSK Frequency Shift Keying
FWHM Full Width Half Maximum
FWM Four Wave Mixing
HSLAN High Speed Local Area Network
IP Internet Protocol
LAN Local Area Network
MAN Metropolitan Area Network
MQW Multi-Quantum Well
NOLM Non-linear Optical Loop Mirror
NRZ Non Return-to-Zero
NRZI Non Return-to-Zero Inverse
OAD Optical Alignment Delay
OADM Optical Add Drop Multiplexer
OFDM Optical Frequency Division Multiplexing
OOK On Off Keying
OSP Optical Signal Processor
OTDM Optical Time Division Multiplexing
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OXC Optical Cross Connect
PC Polarisation Controller
PDF Probability Density Function
PDH Plesiochronous Digital Hierarchy
PLD Programmable Logical Devices
PLL Phased Locked Loop
PSK Phase Shift Keying
QoS Quality of Service
RIN Relative Intensity Noise
RLL Run-Length Limited
RMS Root Mean Square
RZ Return-to-Zero
SBS Stimulated Brillouin Scattering
SCM Sub-Carrier Multiplexing
SDH Synchronous Digital Hierarchy
SDM Space Division Multiplexing
SEED Self Electro-optic Effect Device
SNR Signal-to-Noise Ratio
SOA Semiconductor Optical Amplifier
SRS Stimulated Raman Scattering
STM Synchronous Transport Module
TDM Time Division Multiplexing
TSI Time Slot Interchanger
UNI User Network Interface
VC Virtual Channel (ATM), Virtual Circuit (SDH)
VCI Virtual Channel Identifier
VCO Voltage Controlled Oscillator
VP Virtual Path
VPI Virtual Path Identifier
WAN Wide Area Network
WDM Wavelength Division Multiplexing
WTM Wavelength Terminal Multiplexer
XB Cross Bar
XPM Cross Phase Modulation

η code efficiency
Ωtot/wc total / worst-case power penalty
β the aggregate slot utilisation

B0 optical filter bandwidth
Be optical receiver bandwidth
Bi the i-th buffer in the ring (0≤i≤n)

C code capacity
d-constraint minimum run of ‘ZEROs’ between two ‘ONEs’
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e-constraint maximum run of ‘ZEROs/ONEs’ between two ‘ONEs/ZEROs’
εx crosstalk level of stage x

fx probability density function of random variable x
G signal gain
G0 unsaturated small signal gain
H random variable denoting the batch size
I electrical current
Id threshold current
Ith thermal noise current
jp,s number of concatenated OSP sections (serial/parallel)
k-constraint maximum run of ‘ZEROs’ between two ‘ONEs’
λ optical wavelength, packet arrival rate

Lx the attenuation of stage x
m length of the decoded sequence
n length of the encoded sequence
Ndk(n) number of distinct (d,k) sequences of length n
Ni the i-th node in the ring network (0≤i≤n)

nsp spontaneous emission factor
Pin/out optical input/output power
Psat amplifier’s saturation power
psx polarisation factor (1 for random and 2 for matched polarisation)
q offset, the delay in timeslots between start of the input frame and

the corresponding output frame
Q(n,q) number of distinct e-sequences of length n and offset q
R code rate (=m/n)
ρ utilisation of a slot in the ring network

Rb the bit rate of the encoded data signal
Re responsivity
σ duration of a slot in the ring network

S random variable denoting the packet service time, the time be-
tween two available slots

σ1,0 the rms. value of the optical noise power for signals representing

a data ONE/ZERO
swi the i-th switch in serial or parallel OSP configuration
TB duration of one symbol period
τj standard deviation of the jitter PDF

Tr,f rise/fall time of a pulse
Vctrl gating control pulse
Wi random variable denoting the waiting time of a packet in Bi

Yp number of switches (parallel OSP)
Ys number of switches (serial OSP)


