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Abstract 

Abstract 

Bidirectional transmission of optical signals over a single optical fibre or network 
(without optical isolators or optica! amplifiers) is equivalent to that of electdeal 
signals over a twistcd-pair cable or a coaxial cable, radio signals through the 
"ether" and acoustical signals (sound) through the air. In all these cases the 
medium is reciprocal, i.e. symmetrical with respect to the direction of propa
gation. The main motivation for consirlering bidirectional transmission over a 
single optical fibre instead of "two-times unidirectional" is the reduction of the 
infrastructure (fibres, optical splitters and optical amplifiers) by a factor two and 
the potential cost reduction by an integrated transceiver design. Of course, 
bidirectional transmission introduces other costs and extra complications to the 
system design. A special optica! component is required to "duplex" the 
bidirectional signals at the transceiver and the crosstalk between the bidirectional 
signals should be kept small. 

The aim of this thesis is to provide a comprehensive overview of bidirectional 
transmission in optical networks. lt offers fundamental insights as wen as practical 
application/implementation of bidirectional transmission systems. Many technical 
aspects of bidirectional transmission are dealt with: network aspects, physical 
aspects, transmission aspects and polarisation handling. Although both direct
detection systems and coherent systems are investigated, the work is focused on 
coherent systems for two reasons. Firstly, the investigation of bidirectional 
coherent transmission is complementary to the existing work on direct detection. 
Secondly, coherent transmission adds several aspects that are not considered in 
direct-detection systems, e.g. polarisation aspects and frequency management. 
Many new ideas and insights are presented both theoretîcally and experimentally in 
the form of numerous demonstration systems and detaîled measurements. 

Rayleigh backscattering is one of the fundamental mechanisms in optica! fibre that 
may cause crosstalk by the reverse channel. It can be considered as an unavoidable 
background reflection level. Rayleigh backscattering (or many small reflections) 
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yields a fluctuating crosstalk power and therefore it affects bidirectional 
transmission more severely than an equally large single reflection. A theoretica! 
analysis and an experimental verification of this difference is presented for 
coherent systems. The polarisation properties of Rayleigh backscattering are 
relevant for both direct-detection and coherent bidirectional systems. They have 
been derived using Stokes calculus, and experimentally verified. 

Brillouin scattering is another fundamental mechanism that may cause bidirectional 
crosstalk. 1t results in two new backward-propagating waves at 11 GHz optical
frequency difference (at 1550 nm) above and below the input signa!. Brillouin 
scattering is a non-linear effect. The lower-frequency wave may grow exponential
ly with input power, for powers above a few mW. The polarisation properties of 
Brillouin scattering have been derived in a similar way as for Rayleigh 
backscattering, and also experimentally verified. 

A systematic overview of the duplexing techniques is given and the "crosstalk
suppression ratio" of a duplexing technique is introduced. Some crosstalk sup
pression is usually required in bidirectional direct-deteelion systems, because of the 
unavoidable Rayleigh backscattering. It was shown that subcarrier duplexing and 
polarisation duplexing may not give very high crosstalk suppression. Channel 
spacings near 0 GHz and 11 GHz should better be avoided in bidirectional 
systems, because of Rayleigh and Brillouin scattering, respectively. The 
impediment of transmission at these channel spacings bas been quantified theoreti
cally and experimentally for coherent transmission. 

Bidirectional optical amplification is possible, provided that the gain is sufficiently 
small in order to avoid penalties from multiple reflection/Rayleigh echoes. The 
main interaction between bidirectional channels in an erbium-doped fibre amplifier 
is homogeneous gain saturation. Other effects are the possible laser action of the 
amplifier due to reflections, enhanced bidirectional crosstalk from amplified 
reflected signals and an increased noise figure for deep saturation. All effects have 
been investigated both theoretically and experimentally for coherent transmission 
and a bidirectional optica! amplifier that bas been built at PTT Research. 

Polarisation handling is essential in coherent transmission systems. The polari
sation handling of several channels may be combined in a bidirectional and/or 
multichannel coherent transmission system. The possibilities and limitations of two 
of such techniques have been investigated in detail, theoretically and experimen
taly. Both techniques are applicable in unidirectional and in bidirectional systems 
and they may provide large cost savings if coherent transmission is applied. 
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Several other aspects related to bidirectional transmission have been studied. 

• The two polarisation calculuses ("Jones" and "Stokes") have been extended 
for reflections and bidirectional propagation. A new theorem was found on the 
preservation of polarisation orthogonality of counterpropagating waves and 
verified experimentally. 

• Network topology considerations are illustrated with a number of examples. It 
was shown that the choice of network topology depends on the type of 
service, a star-tree topology for the distribution of channels and a tree-tree 
topology for bidirectional services. 

• Two frequency-stabilisation schemes have been presented for the remote 
transmitters in a bidirectional (coherent) multichannel network. One scheme 
locks all transmitters to a centrally issued distributed frequency comb. The 
other scheme locks a remote transmitter to an incoming channel. Both 
schemes have been experimentally demonstrated. 

• lt was found theoretically and verified experimentally that the foor-wave 
mixing interaction between counterpropagating waves is very small. 

Finally, a practical interpretation of this thesis is given in the form of guidelines 
for designing and testing bidirectional optica! communication systems. 
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Samenvatting V 

Samenvatting 

Tweerichtingsverkeer van optische signalen over een enkele glasvezel of optisch 
netwerk (zonder optische isolatoren of optische versterkers) is equivalent aan dat 
van electrische signalen over een twisted-pair kabel of een coaxiale kabel, radio 
signalen door de "ether" en akoestische signalen (geluid) door de lucht. In al deze 
gevallen is het medium reciprook, dat wil zeggen: symmetrisch met betrekking tot 
de richting van voortplanting. De belangrijkste reden om tweerichtingsverkeer over 
een enkele glasvezel te overwegen, in plaats van "twee keer eenrichtingsverkeer" 
is de vermindering van de infrastruktuur (glasvezels, optische splitters en optische 
versterkers) met een factor twee en de mogelijke kostenvermindering door een 
geïntegreerd zendontvangerontwerp. Natuurlijk introduceert tweerichtingsverkeer 
andere kosten en extra complicaties aan het systeemontwerp. Een speciale compo
nent is nodig om de tweerichtingssignalen te "duplexen" bij de zendontvanger en 
de overspraak tussen de tweerichtingssignalen moet klein gehouden worden. 

Het doel van dit proefschrift is het verschaffen van een uitgebreid overzicht over 
tweerichtingsverkeer in optische netwerken. Het proefschrift biedt zowel funda
mentele inzichten als de praktische toepassing/uitvoering van tweerichtings
systemen. Vele technische aspecten van tweerichtingsverkeer worden behandeld: 
netwerk aspecten, fysische aspecten, transmissie-aspecten en de aanpak van 
polarisatie. Hoewel zowel directe-detectie systemen als coherente systemen 
onderzocht worden, is het werk vooral gericht op coherente detectie vanwege twee 
redenen. Ten eerste is het onderzoek naar coherent tweerichtingsverkeer 
aanvullend aan het reeds bestaande werk over directe detectie. Ten tweede voegt 
coherente transmissie een aantal aspecten toe, die niet beschouwd worden in 
directe-detectie systemen, bijvoorbeeld polarisatie aspecten en frequentie 
stabilisatie. Vele nieuwe ideeën en inzichten worden gepresenteerd, zowel 
theoretische als praktische, in de vorm van talrijke demonstratiesystemen en 
gedetailleerde metingen. 
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Rayleigh terugstrooiing is een van de fundamentele mechanismen in glasvezel, die 
tweerichtingsoverspraak kan veroorzaken. Het kan beschouwd worden als een 
onvermijdelijk achtergrondnivo van reflectie. Rayleigh terugstrooiing {of vele 
kleine reflecties) levert een fluctuerend overspraakvermogen op en daarom tast het 
tweerichtingsverkeer erger aan dan een net zo grote enkele reflectie. Een theoreti
sche analyse en een experimentele bevestiging van dit verschil worden gepresen
teerd voor coherente systemen. De polarisatie eigenschappen van Rayleigh 
terugstrooiing zijn van belang voor zowel directe-detectie systemen als coherente 
systemen. De polarisatie eigenschappen zijn afgeleid met behulp van Stokes 
rekening en experimenteel bevestigd. 

Brillouin verstrooiing is een ander fundamenteel effect, dat tweerichtingsover
spraak kan veroorzaken. Het resulteert in twee nieuwe, zich achterwaarts voort
plantende golven met een 11 GHzoptische frequentie verschil (op 1550 nm) boven 
en onder het ingangssignaal. Brillouin verstrooiing is een niet-lineair effect. De 
golf met de laagste frequentie kan een exponentiële groei met het ingangsvermogen 
vertonen voor ingangsversmogens boven enkele mW. De polarisatie eigenschappen 
van Brillouin verstrooiing zijn op een zelfde wijze afgeleid als die van Rayleigh 
terugstrooiing en tevens experimenteel bevestigd. 

Een systematisch overzicht van de duplex technieken wordt gegeven en de "over
spraakonderdrukkingsfactor" van een duplex techniek wordt geïntroduceerd. Enige 
overspraakonderdrukking is meestal vereist in tweerichtings directe-detectie sys
temen, vanwege de onvermijdelijke Rayleigh-terugstrooiing. Aangetoond wordt dat 
subdraaggolf duplex en polarisatie duplex niet erg veel overspraakonderdrukking 
geven. Kanaalafstanden rond 0 GHz en 11 GHz kunnen beter vermeden worden in 
tweerichtingssystemen, vanwege respectievelijk Rayleigh- en Brillouin
verstrooiing. De belemmering van de transmissie op deze kanaalafstanden is 
theoretisch en experimenteel gekwantificeerd voor coherente transmissie. 

Tweerichtings optische versterking is mogelijk, mits de versterking klein genoeg is 
om problemen met meervoudige reflecties/Rayleigh echo's te voorkomen. De 
belangrijkste interactie tussen tweerichtingskanalen in erbium-gedoteerde-vezel 
versterkers is de homogene verzadiging van de versterking. Andere effecten zijn 
de mogelijke laserwerking van de versterker vanwege reflecties, vergrote tweerich
tingsoverspraak door versterkte gereflecteerde signalen en een toename van het 
ruisgetal voor diepe verzadiging. Al deze effecten zijn zowel theoretisch als 
experimenteel onderzocht voor coherente transmissie en een tweerichtings optische 
versterker gebouwd bij PTT Research. 
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Aanpak van polarisatie is vereist in coherente transmissiesystemen. De aanpak van 
polarisatie van meerdere kanalen kan gecombineerd worden in een tweerichtings 
en/of meerkanaais coherent transmissie systeem. De mogelijkheden en beperkingen 
van twee van zulke technieken zijn in detail onderzocht, zowel theoretisch als 
experimenteel. Beide technieken zijn toepasbaar in zowel eenrichtings als in 
tweerichtingssystemen en ze kunnen grote kostenbesparingen opleveren als 
coherente transmissie toegepast wordt. 

Verscheidene andere aspecten gerelateerd aan tweerichtingstransmissie zijn 
bestudeerd. 

• De twee polarisatierekeningen ("Jones" en "Stokes") zijn uitgebreid voor 
reflecties en tweerichtingsvoortplanting. Een nieuw theorema is gevonden over 
het behoud van polarisatieloodrechtheid van tegengesteld lopende golven. Dit 
theorema is experimenteel bevestigd. 

• Netwerktopologie overwegingen worden geïllustreerd met een aantal voorbeel
den. Getoond wordt dat de keuze van de netwerktopologie afhangt van het 
soort dienst, een ster-boom topologie voor de verspreiding van kanalen en een 
boom-boom topologie voor tweerichtingsdiensten. 

• Twee frequentiestabilisatiemethodes zijn voorgesteld voor afgelegen zenders in 
een tweerichtings (coherent) meerkanaalsnetwerk. De ene methode stabiliseert 
alle zenders aan een centraal gegenereerde, verspreide "kam" van frequenties. 
De andere methode stabiliseert een afgelegen zender aan een binnenkomend 
kanaal. De toepasbaarheid van beide methodes is experimenteel aangetoond. 

• Theoretische en experimenteel is aangetoond dat de interactie door vier-foton 
menging tussen zich tegengesteld voortplantende golven zeer klein is. 

Tenslotte wordt er een praktische interpretatie van dit proefschrift gegeven in de 
vorm van richtlijnen voor het ontwerpen en testen van tweerichtings optische 
communicatiesystemen. 
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1. Introduetion 1 

1. Introduetion 

The aim of this thesis is to provide a comprehensive and fundamental insight in the 
issue of bidirectional transmission in optica! fibre communication networks, as well 
as the practical application and implementation of bidirectional transmission 
systems. Here the word "bidirectional" is meant in the sense of using the medium, 
i.e. the optica! fibre, in two directions, similar totheuse of a single railway track 
in two directions. A broad range of aspects will be considered: physical aspects of 
optica! fibre itself, transmission aspects of the fibre plus transmitters/receivers and 
network aspects. This work can be used by system designers, who may consider 
bidirectional single-fibre transmission in the development of fibre communication 
systems, or by operators who may consider upgrading existing unidirectional (e.g. 
broadcast} systems by introducing return channels. 

This chapter first introduces optica! fibre communication and discusses the two 
types of detection methods that are used: direct and coherent detection. Then 
bidirectional transmission is considered. Finally, the structure of the thesis is 
outlined. 

Optical fibre communication 

Communication and transportation have always determined the virtual size of the 
world. Only centuries ago a distance of 100 km might be interpreted as "three 
days travel by foot or two days by horse and carriage" and communication over 
such a distance could take quite some time. Nowadays it is not unusual to have 
close friendships and co-operation over distauces of more than 10,000 km. A 
complex and densely populated society like ours would be unimaginable without 
the rapid communication means like TV, telephone, newspapers and mail, and the 
large and fast transportation streams of people and goods. 
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Communication and transportation/production have a mutually enhancing effect. 
On the one hand, communication increases the awareness of what is available in 
the world (advertising, information exchange) and so induces demand for products 
(e.g. consumer electronics, office equipment) and transportation (e.g. holidays in 
far-away countries, all sorts of conferences). On the other hand, the organisation 
of production and transportation requires good communication. It has been 
postulated that the use of computers, electrooie mail and dectronie starage means 
will reduce the waste of paper in offices. However, in practice the effect seems to 
be opposite: more printouts and copies are made [1.1]. Similarly, it doesnotseem 
likely that advanced communication systems like video conferencing would 
decrease the need of transportation of people. The unlimited growth, as a con
sequence of mutually enhancing effects, bears a large risk: pollution and the 
exhaustion of natura! sourees [1.2]. Still, a well-operating (tele)communication 
network is essential to keep a society running, a society being the global society, a 
country, a city, or even a company or an institution or so. 

There are two factors that make optical fibre communication viabie both in 
competition and in combination with the conventional copper twisted-pair and 
coaxial cables, and wireless systems. 

• The first factor is the lower cost tagether with a large transmission capacity. 
Optica! fibre is already beneficial in intercontinental [1.3], international and 
internode interconnections. Here the advantages are the low cost and small size of 
the cable and the very low loss of optica] fibre (less than 0.2 dB/km), so less 
repcaters are required. The lower number of repcaters results in a better reliability 
and less instanation and maintenance cost, even though the casts per opto-elec
tronic repeater may be higher. Moreover very high bitrates are possible (e.g. 10 
Gbit/s). More recently fibre-to-the-home and fibre-to-the-curb have beoome 
interesting in "greenfield" situations [1.4] and in situations, where the capper 
network has to be renovated [1.5]. Here the advantage is mainly the application of 
passive optica! networks, that enable the sharing of the medium and the network 
terminating equipment (transmitters/receivers), and the inlegration of telephone, 
cable television (CATV) and (satellite) radio in a single optica! network. This 
integration was demonstraled in the Dut eh field trial at Amsterdam-Sloten [ 1. 6]. 

• The second factor is upgradability. The potential transmission capacity of 
optica! fibre is several 100 Gbit/s. An installed optical network can easily be 
upgraded by increasing the bitrate, orbetter by introducing additional channels at 
different wavelengths. Here optical amplifiers can have good use as power booster, 
in-line amplifier and low-noise preamplifier [1. 7]. 
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Direct and coherent detection 

Two types of detection are used in optical communication: direct and coherent 
detection, see Fig. 1.1. 

• Direct detection is sametimes (provocatively) compared with the spark radio 
transmission of the early days. A photodetector detects only the intensity modula
tion of the signal and converts it into a current. 

• Coherent detection [1.8] makes use of the coherence properties of light, so 
also phase and frequency modulation can be used. The incoming signal and local
oscillator laser light are mixed. This sum, after opto-electronic conversion by the 
photodetector(s), contains a beatnote, which has the difference frequency between 
signal and local oscillator. Th is way the optical signal at frequencies around 200 
THz is downconverted to 'electrical' frequencies of less than 10 GHz. 

bl 

Transmitter Receiver 

Transmitter Receiver 

Fig. 1.1 

+ 
*~ Local .:!:. oscillator .,... 

Optical fibre conununication: a) direct detection, b) coherent detection. 
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Camparing the two types of detection, the advantages of direct detection are the 
simplicity ( = low cost) and the most efficient use of the bandwidth of the electrical 
circuitry ( = highest bitrates). The advantages of coherent detection are the "3S": 
sensitivity, selectivity and switching [1. 9]. Coherent detection can attain the 
fundamental receiver sensitivity (shotnoise limit), so that large transmission spans 
or splitting ratios are possible. Coherent detection is intrinsically wavelength 
selective, so optical bandwidth efficient multichannel transmission can easily be 
achieved. Furthermore, both the transmitter lasers and the local-oscillator lasers 
can be rapidly tuned (up till nanosecond speed) so that very flexible wavelength
based switching is possible in a coherent optical network. 

Of course there are nuances in this comparison. On the one hand, the performance 
of a direct-detection system can be improved. lts sensitivity can be improved by 
applying optical preamplifier(s) [1.10]. Multichannel transmission is possible with 
optical filters or wavelength multiplexers [1.11]. Past tunable filters are available 
for flexible switching. Combining all of these, the direct-detection system and the 
coherent system become equivalent [1.12]. However, then the direct-detection 
system has become rather complex (many components, demanding specifications). 
On the other hand, there are coherent transmission schemes that require the same 
electrical bandwidth as direct-detection systems [1.13], and opto-electronic integra
tion has the potential to reduce the cost of coherent detection [1.14]. 

Today all operational optical fibre systems are direct-detection systems. Coherent 
technology is considered almast mature now. Reliable tunable narrow linewidth 
semiconductor lasers are becoming available. Solutions for handling the intrinsic 
polarisation sensitivity of coherent detection are getting developed. The maturity of 
coherent detection can be seen in a number of off-the-shelf systems, tried in the 
field [1.15]-[1.19]. 

Work of the author [1.20] has shown that a coherent multichannel system and a 
direct -detection system can be very well combined on a single fibre using 
wavelength multiplexing. The direct-detection system will not getinteffered by the 
low powers from the coherent system (high sensitivity), whereas inteffering signals 
from the direct-detection system are suppressed in the coherent receivers (wave
length selectivity, balanced detection, high local oscillator power). Therefore tele
communication network operators, like PTT Telecom, may consicter coherent 
detection systems as a technically (not costwise yet, 1994) viabie upgrade of 
installed direct detection optical fibre networks. 
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Bidirectional transmission 

When looking into bidirectional transmission, the most common way to create a 
return signal path is by duplicating the transmission system. In some cases the 
transmission medium can be used for both directions. Well known is the two-way 
use of the twisted copper pairs of the telephone network. A hybrid circuit 
{duplexer) in the telephone set and in the local exchange separates the signals in 
the two directions and reduces echoes and crosstalk from the mouthpiece to the 
earpiece. The duplexer is usually implemenled as a two-transformer hybrid [1.21], 
see Fig. 1.2. Here the advantage of bidirectional transmission is the twofold 
reduction of copper cables. 

Fr om 
mouthpiece : 

Fig. 1.2 A two-transfonner hybrid in a telephone set. The hybrid suppresses the direct 
crosstalk from the mouthpiece to the earpiece ('C'). 

Another example of bidirectional transmission is found in the 'Totaalnet Zuid
Limburg' [1.22], which started as a large-scale experiment in 1986 and is still 
operational. Seven of the CATV (cable television) braadcast channels of the coax 
network are used in this experiment, mainly for subscriber TV (payed). Three 
channels are free channels: cable newspaper, local braadcast and yellow pages. 
The other channels are coded for payed services: subscriber TV (FilmNet), cinema 
TV (Pay per Event) and interactive (photo )videotex. Since some of the services are 
interactive, the subscriber should be able to send signals to the head end. One part 
of the experiment uses a hybrid technique. The subscriber sends bis request 
through the telephone and receives the requested information from the CA TV 
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network. The other part uses a two-way CATV technique. All information and 
requests are transmitted bidirectionally over one network, the CA TV network. 
Here, obviously, the telephone is not used. 

More examples of bidirectional transmission of signals are computer data buses, 
LAN (local area network) coax cables and the radio "ether". 

Bidirectional transmission is also possible over an optical fibre. In that case the 
duplexer is a (fused) fibre coupler or a wavelength multiplexer [1.23]. An early 
optical fibre communication trial DIV AC (PTT Research, Philips, Technica} 
Universities of Delft and Eindhoven, [1.24]) did already include bidirectional 
transmission using different wavelengtbs for different channels. 

In the Amsterdam-Sloten field trial [1.6] groups of 32 private subscribers are 
connected to the local exchange over a passive optical network. Bidirectional 
telephone communication takes place in digital form, with time-division multi
plexing using direct detection. The same wavelength of 1290 nm is used for both 
directions. TV distribution takes place at a wavelength of 1510 or 1550 nm. The 
TV and telephone signals are separated using wavelength-division multiplexers, 
whereas optical couplers are used to duplex the bidirectional telephone signals. 

The COSNET demonstrator [1.25], [1.26] was built at PTT Research to demon
strate the use of coherent multichannel techniques in the local subscriber network. 
Coherent detection channels at 1537 nm are used for digital TV distribution and 
bidirectional braadband communication, such as videophone and security monitor
ing (three braadcast channels and one bidirectional channel were implemented). A 
direct -detection system at 1300 nm is used for signalling and lSD N (Integrated 
Services Digital Network), one of the services being telephony. As in the Sloten 
field trial, wavelength-division multiplexers are used to separate the various 
wavelengtbs and optical couplers are used as duplexers. The optical frequency 
spacing of the coherent channels is chosen so as to minimise the effect of reflect
ions. The direct-detection system makes use of subcarrier waves, not only because 
of the lower sensitivity to reflections, but also because of the good practical 
feasibility. These issues will be treated in more detail in the following chapters. 

This work 

This work provides a comprehensive treatment of many technica! aspects of 
bidirectional transmission: physical aspects of optical fibre itself (reflection, back
scatter processes), transmission aspects of the fibre plus transmitters/receivers 
(influence of crosstalk, component and system design) and network aspects 
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(topology and implementation of bidirectional (multichannel) networks). Also some 
techno-economical aspects are touched in the discussion of duplexing techniques 
for different sorts of networks. However one has to bear in mind that costs of 
components and systems may change quite a lot in only a few years time. 

The work is focused on coherent transmission for two reasons. Firstly, bidirec
tional direct-detection transmission systems have already been examined in litera
ture quite thoroughly, so an investigation of bidirectional coherent systems is 
complementary. Secondly, coherent transmission adds several aspects that are not 
considered in direct-detection systems. For example, only the magnitude of reflec
tion or backscattering is relevant in a bidirectional direct-detection system, whereas 
in a coherent system the polarisation properties are important as well. The 
necessity of polarisation handling in coherent systems makes some special aspects 
of bidirectional multiplexing (e.g. common polarisation control) very relevant. 
Especially coherent systems require frequency management of the various lasers in 
the optical network, since close channel spacings may be used. 

This thesis is structured as follows. 

Chapter 2: Network aspects 
The first section of this chapter considers different topologies of optical com
munication networks. The influence of bidirectional transmission on network 
topology will be studied in more detail. The second section presents fre
quency-management systems for coherent optical communication networks. 
The practical operation of two frequency-management systems is confirmed in 
the demonstrators UCOL and COSNET. 

Chapter 3: Physical aspects 
Physical aspects that can cause crosstalk in a bidirectional optical fibre system 
are reflection, Rayleigh backscattering and the nonlinear effects Brillouin 
scattering and four-wave-mixing. The redprocity of optical fibre and optical 
components is explained. Starting from redprocity, a fundamental insight is 
provided in the polarisation properties of counterpropagating waves in optical 
fibre, which is confirmed experimentally. From this insight, the polarisation 
properties of Rayleigh and Brillouin scattering are derived, and again con
firmed by extensive measurements. Finally, the absence of four-wave-mixing 
interaction at bidirectional transmission is proven theoretically and experiment
ally. 
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Chapter 4: Transmission aspects 
This chapter treats the transmission aspects of bidirectional systems. First a 
conceptual comparison is made of the different types of duplexers and 
duplexing techniques. Then the bidirectional crosstalk from reflections and 
Rayleigh and Brillouin scattering is considered. Crosstalk in a direct-detection 
system is treated theoretically, and the unexpected occurrence of crosstalk in a 
bidirectional subcarrier-multiplexed direct-detection system is shown experim
entally. Crosstalk in a coherent system is investigated both theoretically and 
experimentally, in partienlar the influence of the optica! channel spacing. 
Finally optical amplifiers are considered, especially the difference in specifica
tion of uni and bidirectional optical amplifiers, and the interaction between the 
optical channels. 

Chapter 5: Polarisation handJing 
Coherent systems require polarisation handing, because of their intrinsic polar
isation sensitivity. Two methods are introduced for simultaneons polarisation 
handling of channels in bidirectional and/or multichannel coherent systems. 
These methods are evaluated with experiments and as a concept. 

Chapter 6: Conclusions and guidelines 
The last chapter summarises the main results of all sections. A practical inter
prelation of this thesis is given in the form of guidelines for designing and 
testing bidirectional optical communication systems. 

Appendix A: Probability density function of optical polarisation states and its 
application 

This appendix shows how the evolution of polarisation over optical fibre and 
depolarisation can bedescribed as a stochastic process. Three applications are 
given: an op ti cal time domain reflectometer with depolariser, a fibre-optic 
gyroscope with depolariser and the derivation of the polarisation properties of 
four-wave-rnixing (subsection 3.5.2). This subject is discussed in an appendix 
because of its relation to the subject of this thesis: bidirectional optical 
communication. 
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2. Network aspects 

Optical-fibre communication shows a trend toward higher transmission capacities, 
Iarger transmission spans, higher flexibility and lower transmission costs. 

• High speed optical and electronk components enable higher bitrates and faster 
switching/multiplexing of signals. 

• Passive optical networks yield a reduction of the network costs, because the 
network is then shared by several subscribers. 

• Optical amplifiers enable larger transmission distauces and more subscribers to 
be served from a single head end. 

• Optical multi-channel transmission can be used to increase the transmission 
capacity. It may add also flexibility to the network, because the channels can 
be switched/routed independently. 

• Bidirectional transmission may yield a cost reduction in some applications. 

The trend, that the costs of transportation become relatively smaller than the costs 
of "handling" the packets of information, has as result that routing/switching/ 
distribution will be concentraled in a smaller number of exchangeslhead ends, each 
covering a larger area. A similar trend can also be recognized in another 
communication system, viz. the regular mail. The Dutch PTT is concentrating the 
sorting of the mail in less sorting centres, each having a larger capacity. This 
chapter gives some illustrations on the network topology in this context, focusing 
on multi-channel transmission over passive optical networks. This chapter will also 
consider the optical-frequency management of multi-channel systems. Coherent 
systems are considered in particular, since they have the narrowest channel spacing 
and enable the largest number of channels within a given optical bandwidth. 



14 2. Network aspects 

The structure of this chapter is as follows. Section 2.1 gives some illustrations of 
network topology considerations, including the application of bidirectional trans
mission and (bidirectional) optica! amplifiers. This section provides a background 
for the transmission aspects treated in chapter 4. One of the considered network 
topologies is investigated in more detail in chapter 5: the combined polarisation 
handling of channels in a coherent multi-channel systems. Section 2.2 discusses the 
optica! frequency management of bidirectional (distributed) coherent multi-channel 
networks. The necessity of frequency management follows from the requirements 
on channel spacing, which are treated in more detail in subsection 4.3.2. The two 
frequency stabilisation techniques, that are demonstraled in this section, are also 
used in the investigation of the physical aspects in subsections 3.4.2 and 3.5.3. 

2.1 Network topology1 

The global telecommunication network is constructed in layers. One may distin
guish the intercontinental network, international networks, national networks, 
regional networks and the local (access) networks: see Fig. 2.1. Other types of 
networks are connected to this global network: e.g. in-house networks, business 
networks and local-area networks. Each type of network has it specific require
ments, also dependent on the applications/services that they are used for. This 
section considers the topology of a communication network. The network topology 
for the highest layers of the global communication network is usually point-to-point 
as for the topology at the optical transmission level. We shall focus on the access 
network, for which there are far actvaneed plans for the application of passive 
optica! networks (i.e. an optica! tree topology). 

The choice of the topology is a major aspect of the design of a communication 
network. Each application/service has specific requirements with respect to 
performance, which is also related to the network topology. Aspects of the 
performance of a network are cost (of installation, use and maintenancd), 
reliability (e.g. mutilation or losing of packets of information), availability (how 
often and how long will the network "go down"), scalability (possibility to make 

1The major part of this section is based on 
A.C. Labrujere, M.O. van Deventer, O.J. Koning, 'Coherent multi-channel technology in 

the local loop,' International Symposium on Fiber Optie Networks and Video Communi
cations (Europto 1993), 5-8 april 1993, Berlin, paper 1974-36, and 

H.R.C. Tromp, H.T. Nijnuis, Y. Boomsma, J. Bakker, 'Fibre-to-the-home in the 
Netherlands,' 9t11 International Symposium on Subscriber Loops and Services, ISSLS'91, 22-
26 April 1991, pp.253-259. 
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Local 

Fig. 2.1 Layers in a telecommunication network. XC: exchange, ADM: add-drop 
multiplexer, PABX: private automatic branch exchange. 

the network larger), transparency (independence of the signal format, i.e. the 
possibility to reconfigure part of the network, without disturbing the rest of it), 
quality of services (e.g. variation in transmission delay time), etcetera. A high 
reliability is essential for the core network, whereas costs are less important, since 
the costs are shared by many subscribers. In contrast, Iow cost is essential in a 
subscriber telephone or CA TV network, whereas reliability and availability are 
somewhat less important. Business networks must have a very high reliability, 
availability and transparency. Of course many of these requirements are 
contradictory. Por instance, if a network must be scalabie it has to be segmented 
(e.g. the telephone network, which is segmented into various area codes). But in 
that case its transparency is reduced (the telephone number changes when moving 
to another house). The contrast between scalability and transparency is also visible 
in optical networks. In a fully transparent optical network, every channel (optical 
frequency, time slot, ... ) can be used only once, so the networkis not scalable. An 
optical network can be made fully scalabie by using wavelength routing [2.1] and 
wavelength conversion, but then it is no Jonger transparent, literally. 
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In principle many kinds of topologies are possible, see Fig. 2.2. Several levels can 
be distinguished in the topology of optica! fibre networks: logical level, trans
mission level, fibre level, cable level and trench level [2.2]. The choice of 
topology depends on the evaluation of the performance requirements. When 
availability is important, the topology should enable multiple routing (at least 
double routing), so that always a "back-up" link is available. When the costs of 
cabling are important, the topology should have some minimum of cable length. 
Other aspects of performance may be translated to network topology requirements 
as well. Network topology considerations of a subscriber network are illustrated in 
three examples. 

r ,0 

f) 

Fig. 2.2 Network topologies: a) point-to-point, b) mesh, c) bus. d) ring, e) tree, f) star, g) a 
combination of topologies. The circles ( o ) represem the norles of a network and 
the lines (-) the links between the nodes. Here a link is e.g. a transmission 
system, a fibre, a cable or a trench. A node is e.g. an exchange (transceivers plus 
switches), a passive optica! splitter, a cable-splice box or a junction of trenches. 
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Example 1: Sloten, fibre-to-the-home 

One of the early field-trials (worldwide) of fibre-to-the-home using single-mode 
fibre was held in Sloten (district of Amsterdam) in (1989-1993) [2.3]. The purpose 
of this project was to investigate the economie possibility of providing present-day 
services (telephone and cable television) over an optical fibre network. Also the 
introduetion of new (broadband) services was studied on such a network. The 
network is based on a combined telephone local exchange and CA TV head end, 
which are connected to a number (6) of distribution points, see Fig. 2.3. 

6) 

ol ~ 

r 
.1. 

Cable 

b) 

Fig. 2.3 Schematic presentation of lhe fibre optie network [2.3]. 
a) Six distribution points and lhe local exchange in a ring. LEX: local exchange, 

dp: distribution point. 
b) A distribution point. 
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A ring topology was chosen at the cable level, which allows for double routing. At 
trench level a bus/tree topology is the most econornical, since digging costs are the 
major casts for installing a network, and this topology requires the least number of 
trench meters. However, the somewhat more expensive (at trench level) ring 
topology was chosen to have also topographically separated double routing. At the 
fibre level, the topology is point-to-point from the local exchange to the distribu
tion points. The cable has a total of 24 fibres. There are a total of 6 distribution 
points connected to the ring. At each distribution point 8 fibre ends are available, 
4 of them "to the left" and 4 of them "to the right" to the local exchange. This 
way all 24 fibres are used. 

For reasons of reliability and avoidanee of vandalism, the network should be 
underground and passive, i.e. no electranies between the local exchange and the 
customer's prernises. The advantage of fibre sharing at the feeder portion of the 
network (which is often the reason why active equipment is installed in the 
network) can also be obtained by using passive optical power splitters in the 
branching point near a cluster of subscribers. The problem of privacy of communi
cation in passive optical networks can be solved with suitable electronics. Import
ant customers (e.g. large business customers, hospitals, universities) should, 
however, be connected directly to the exchange. Therefore the 8 fibre ends are 
used to conneet 30 residential subscribers by passive optica! splitters (tree topology 
at the transmission level) and 3 to 6 business subscribers (star topology). The two 
services telephony and cable TV are wavelength multiplexed since this saves a 
factor of two in fibre and passive splitters. Telephony (bidirectional, of course) is 
provided at the wavelength of 1300 nm using TDM/TDMA (Time Domain 
Multiplexing/Time Domain Multiple Access) for downstream/upstream traffic, 
whereas television is provided at 1550 nm using SCM-FM (SubCarrier 
Multiplexing-Frequency Modulation). So, at the logic level the telephone network 
topology is point-to-point (local exchange to the individual subscriber) and the 
CATV network topology is point-to-multipoint. 

The "upstream" and "downstream" telephone signals are transmitted simultaneous
ly at the same wavelength. The optical-reflection level is kept low by avoiding 
optica! connectors and using only low-reflection fusion splices. The bidirectional 
crosstalk in such a system is treated insection 4.2. 

The upgrade towards B-ISDN (Broadband Integrated Services Digital Network) is 
envisaged by using wavelength multiplexing, since in this way no new fibre has to 
be installed for new services. The demonstrator is implemented with wavelength
flattened splitters and other wavelength windows (e.g. 1320, 1500, or 1530 nm) 
are available for new (broadband) services, similarl to the addition of extra radio 
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frequencies to the "ether". There are many technical options for using a new 
window. A new window may be used by a single subscriber in a single-channel 
point-to-point connection. On the other hand may the channel be shared by several 
subscribers using time-domain techniques (TDM/TDMA) or frequency domain 
techniques (e.g. SCM). Coherent multi-channel (CMC) transmission is a very 
interesting option from a technical point of view. Many CMC broadband channels 
(10-1000) fit within a single wavelength window of a few nm wide, and the 
allocation of these channels is very flexible, since both the transmitters and 
receivers are tunable. Moreover, CMC is very well compatible with other tech
niques, because it uses low powers (high receiver sensitivity) and it has a high 
immunity to crosstalk (heterodyne detection, balanced receiver) [2.4]. The upgrade 
with CMC is considered in the following two examples. 

Example 2: Distribution of video channels 

This example considers the distribution of coherent 155 Mbit/s (video) channels in 
a cable television network. Typical transmitter power and receiver sensitivity are 
-3 dBm and -48 dBm, respectively [2.5]. A 9 dB power margin is taken for 
component losses, transmission losses, splice losses, penalties for (multiple) 
reflections, channel crosstalk, asymmetrical splitting ratios of couplers [2.6], 
etcetera. Moreover a passive 1 x4 split (6 dB) is assumed at the subscriber, see 
Fig. 2.4. This leaves a 30 dB power budget for combining and splitting the signals 
from the head end to the subscribers. Also the influence of placing optical 
amplifiers will be considered. 

Fig. 2.4 Distribution of video channels over a passive optica! network. 
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The most power efficient way to distribute many channels to many subscribers is 
by using an N xN transmissive star [2.7], [2.8], which is in principle loss-free. 
Fig. 2.5 illustrates how the 30 dB power budget can be used to distribute 1000 
channels over 1000 subscribers. Usually there are less channels than subscribers. 
In this case the maximum number of subscribers per network is still limited to 
1000, because of the available power per channel per subscriber. An effective way 
of equally distributing the power is the star-tree topology. Fitst the (say 100) 
channels are mixed in the star, and then they are distributed by the tree. This way 
a single fibre can be used for distributing all channels to a group of subscribers, 
which is the most cost-effective. The star-tree topology can be easily combined 
with the topology of the first example by connecting a second fibre at the splitter 
input [2.9], see Fig. 2.5. 

It is possible to extend the number of subscribers by using optica! amplifiers. The 
required power at the input of an optical amplifier should be large enough to 
guarantee a proper signal-to-noise ratio at the output of the optica! amplifier. The 
theoretica! minimal noise figure of an optica! amplifier is 3 dB, but in practice it is 
(somewhat) larger, say 3.5-8 dB, depending on the type of amplifier (erbium
doped fibre amplifier, semiconductor amplifier). Therefore the power per channel 
at the input should beat least 6-11 dB more than the receiver sensitivity, say -38 
dBm per channel in this example (-48 dBm + 10 dB). The output power of an 
optica! amplifier is usually larger than that of a transmitter laser, especially in the 
case of erbium-doped fibre amplifiers. We shall take + 12 dBm as a fairly typical 
value for an erbium-doped fibre amplifier. The gain of the optica! amplifier is a 
parameter of design, and can be chosen anywhere between 0 and 50 dB, in 
principle. 

The optica! amplifiers can be placed directly after the transmitter lasers and be 
used as a booster amplifier, see Fig. 2.6. Since the maximum output power of an 
optica! amplifier is typically + 12 dBm and the power of a transmitter is -3 dBm, 
the gain can be 15 dB at most. This 15 dB increase in power budget allows 30 
times more subscribers, i.e. 30,000, to be served from a single head end. The 
optica! amplifiers might also be placed directly after the N xN star. However the 
total power at an output of the N x N star is the same as that at a transmitter 
output: a fraction 1/N of the power of a transmitter times N transmitters. 
Therefore the gainis again limited to 15 dB like in the booster configuration. Here 
it was assumed that all signals have an equal power at the input of the optica! 
amplifier, and that the gain of the optica! amplifier is wavelength independent. In 
practice this is not the case and the maximal number of channels and the maximal 
gain will be smaller than this 15 dB. 
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Fig. 2.5 Distribution of video channels. 
a) Transmissive star: 1000 channels to 1000 subscribers. 
b) Star-tree: 100 channels to 1000 subscribers. 
c) Combination with telephone/CATV network. 
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The alternative is placing the optical amplifiers as in-line amplifiers [2.10]. The 
optical amplifiers are then placed in the tree network, see Fig. 2.6. In this case, 
the total input power should be at least -18 dBm (-38 dBm per channel times 100 
channels). With a maximum output power of + 12 dBm, the gain can now be 30 
dB, which means a factor of 1000 increase in the number of subscribers (1000,000 
for a single head end), in principle. The number of subscribers can be increased 
even further by applying cascades of amplifiers and splitters [2 .11]. 
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Fig. 2.6 Placing optical amplifiers in a distributive coherent multi-channel network. 
a) Booster amplifiers. b) In-line amplifiers. 

When no optical amplifiers are used, the power budget makes it impossible to 
combine more than 1000 channels in our example. Therefore, as a consequence 
the total capacity of the network (number of channels times bitrate per channel) is 
limited to 1000 x 155 Mbit/s = 155 Gbit/s per fibre. Of course there are nuances 
in this limit, since transmitter powers may be higher (booster amplifier) and 
receiver sensitivities may be better. The capacity limit of an optical fibre is a few 
Tbit/s in theory, given by the maximum transmitter power and the minimum 
receiver sensitivity, which are limited by the fibre nonlinearities [2.12] and the 
pboton shotnoise, respectively. In practice several 100 Gbit/s is a more realistic 
limit. This 100 Gbit/s is significantly less than the 8 THz optical bandwidth in the 
1500-1560 nm window. Therefore the 8 THz bandwidth should be regarded as 
"address-space" rather than as "potential transmission capacity". 

Example 3: Bidirectional videophony 

This example considers bidirectional coherent 155 Mbit/s communication (e.g. 
videophony) between a local exchange and a group of subscribers. We take the 



2. Network aspects 23 

same -3 d.Bm transmitter power, -48 dBm receiver sensitivity and a 9 dB power 
margin as in the second example. The bidirectional multiplexing at the transceivers 
requires 6 dB of the power budget (3 dB at each side). This leaves again a 30 dB 
power budget for combining and splitting the signals from the local exchange to 
the subscribers. We consider bidirectional optical amplifiers with the same 
properties as in the second example. 

When all subscribers are allowed to communicate simultaneously, then there must 
be as many transceivers ( =channels) at the local exchange as there are sub
scribers. However this situation will not occur in practice. The videophone 
channels can be statistically multiplexed and less transceivers are required at the 
local exchange. We assume that a reduction of a factor of ten is possible because 
of statistkal multiplexing [2.10]. As in example 2, a star-tree topology can used 
for 100 channels to conneet 1000 subscribers, see Fig. 2.7a. 

However a better alternative is to use ten tree-tree networks instead, each having 
10 channels for 100 subscribers, see Fig. 2.7b. In this alternative not 100 but only 
10 fibres are required in the conneetion from the local exchange to the first 
distribution point! Moreover, twenty 1 x 10 splitters may well be less expensive 
than a single 100 x 100 star, but that will depend on the technology used. 

Bidirectional optical amplifiers (subsection 4.4.3) may be used to increase the 
power budget, just as in example 2. The gain can be used for transporting the 
signals over larger distances, which has the advantage that a single local exchange 
can serve a larger area, so more subscribers can be served from a single head end. 
This is in agreement with the trend that the costs of (signa!) transportation decrease 
more rapidly than the costs of signal handling (switching). This trend was already 
noticed in the introduetion of this chapter. The placement of the optical amplifiers 
should be carefully considered, because at both sides a minimum input power per 
channel is required and a maximum total output power is available. The gain is 
limited to about 20 dB, because of multiple reflection requirements (subsection 
4.4.2). 

The gain of the optical amplifier may also be used to expand the network. A 10 
dB gain enables to increase the number of channels by a factor of 3 and to 
increase the number of subscribers by a factor of 3 in a tree-tree network, see Fig 
2.7c. This reduces the number of fibres in the conneetion to the first distribution 
point by a factor of 3. However, there arealso extra costs from the amplifiers and 
the larger splitters. The choice which option will be the most feasible is a techno
economical choice. 
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Fig. 2.7 Bidirectional communication. 
a) Star-tree: 100 channels for 1000 subscribers. 
b) Tree-tree: ten times 10 channels for 100 subscribers. 

2. Network aspects 

c) Tree-tree plus bidirectional optical amplifier: three times 30 channels for 300 
subscribers. 

Chapter 5 considers one aspect of a bidirectional tree-tree network with coherent 
transmission in more detail: the polarisation handling. It will be shown, that the 
polarisation handling of the coherent channels may be combined by using one of 
the common polarisation handling techniques. If coherent transmission will become 
feasible in the future, then these techniques may provide a large cost reduction. 



2. Network aspects 25 

Coneinsion 

The first example showed the topology considerations at the different levels of an 
optica! fibre subscriber network. At trench level a bus/tree topology leads to the 
lowest digging costs. At cable level a ring topology enables double routing. In that 
case, the trench topology should also be a ring to have topographically separated 
double routing. At fibre level the topology was point-to-point from the local 
exchange to the distribution point. At transmission level a passive tree topology 
enables fibre sharing between subscribers, without any active equipment in the 
network itself. This topology has the additional advantage that it can easily be 
upgraded with new (broadband) services by using wavelength multiplexing. 

The secoud example showed that in a distributive systern/network, the power 
budget limits the number of subscribers and that the best topology is a star-tree. 
The number of subscribers can be extended by using optica! amplifiers and extra 
splitters. Also, the transmission capacity (number of channels times bitrate) is 
limited by the power budget, at several 100 Gbit/s in practice. Therefore the 8 
THz transmission bandwidth of the op ti cal fibre should be regarded as "address
space" rather than as "potential transmission capacity". 

The third example shows us that in a network with bidirectional services an econo
mical topology is the tree-tree topology, because of the relation between the 
number of channels and the number of subscribers. An increased power budget by 
optica! amplification can be used to increase the transmission distance to the distri
bution point, or to expand the size of the tree-tree networks. However, the latter 
application may or may not yield a cost reduction. 

Networks of the three examples can easily be combined by sharing the optica! trees 
in the capillaries to the subscribers [2.9]. 

2.2 Frequency management 

This section discusses the frequency management of coherent multi-channel sys
tems. This section is focussed on coherent multichannel systems, since these have 
the narrowest channel spacings and the most severe requirements on frequency 
stability. However, many of the stabilisation techniques may be used in high
density wavelength-division multiplex (HDWDM) systems as well. Subsection 
2.2.1 considers the intrinsic frequency stability of laser diodes, the required stabi
lity for this type of system and frequency stabilisation methods that have been 
publisbed in literature. A short introduetion is given in the frequency management 
of bidirectional and distributed systems. Subsections 2.2.2 and 2.2.3 present two 
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experimental systems, "UeOL" and "eOSNET", in which distributed frequency 
management has been demonstrated. 

2.2.1 Frequency stabilisation 

Almast all optica! fibre telecommunication systems are equipped with laser diodes 
as optica! sources. These sourees are chosen because of their relatively low price, 
compact size, high-fibre coupled output power, simple direct modulation, moderate 
linewidth, tunability and a wide range of wavelengtbs in the 1310 nm and 1510-
1560 nm windows, in which optica! (glass) fibre bas the lowest attenuation. 
However, the optica! frequency of a laser diode tends to drift. The frequency 
dependenee of a DFB-laser diode on the temperature and current is typically 10 
GHz/oe and 1 GHz/mA. So a change in temperature or current of only 0.01 oe 
or 0.1 mA will already induce a frequency shift of 100 MHz. Fig. 2.8a shows an 
example of the frequency drift of a laser diode. This laser had a drift of about 4 
GHz in 180 days time. This drift may have been caused by aging of the laser itself 
or of the control electronics. Another important effect is reflection. A laser is a 
resonator and a reflection influences this resonance, and thus the optica! frequency. 
Fig. 2.8b shows the error in frequency as a function of the adjusted frequency for 
another laser diode. The periodicity indicates that there is a reflection in play, 
possibly from the input facet of the optica! isolator. Small thermally induced move
meuts may have introduced the frequency fluctuations. This problem was aver
eome by changing the laser package design and eliminating the reflection2
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Fig. 2.8 Drift of the optica! frequency of a laser diode. Courtesy of dr. A. Ebberg and 
colleagues, Siemens Research, München. 
a) Frequency drift as a function of time. 
b) Frequency error as a function of adjusted frequency (adjusted by laser 

current). 

2Personal communication, dr. A. Ebberg, Siemens Research, München, January 1994. 
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Fig. 2.9 are publisbed results of frequency stability measurements on laser diodes 
[2.13]-[2.36], both "absolute" (frequency difference with an absolute reference 
source) and relative measurement (frequency difference with another laser diode). 
Notice that all these laser diodes are stabilised in current and temperature, though 
the accuracy of the stabilisation is usually not specified. The drift has typically a 
low-frequency character. This tendency can be recognised in Fig. 2.9. The 
frequency drift is lower for the shorter measurement times. The optica! frequency 
may fluctuate already several 100 MHz in one minute, whereas it can be more 
than 1 GHz in a few hours. On long term, the frequency drift may even be higher 
because of the aging of laser diodes (4 GHz in 180 days, see above). One refer
ence [2.37] showed a better long term frequency stability of about 300 MHzover 
an 80 day period (better temperature and current control?). 

N 
I 
:!: 

.<; 

"' c 
0 
:;:; 

"' ::J ..., 
u 
3 .._ 
,., 
u 
c 10 2 w 
::J 
er 
w 
û: 

Frequenc:y fluctuations of laserdiodes 

Absolute measure 
+; 800 nm 
• ' 1300 nm 
X; 1500 nm 

Relative measure 
tt; 1300 nm 
0' 1500 nm 

+ 

x .. 
x 0 

" )( +x 
)( ~ 

)( 

+ 
,. ++ 

+ 

Measurement time in mln. 

0 

Fig. 2.9 Frequency flucruations of laser diodes, published in literature [2.13]-[2.36]. 
"Absolute" measurements: +: 800 nm, ·: 1300nm, x: 1500nm window. Relative 
measurements: *: 1300 nm, o: 1500 nm window. 

The susceptibility to frequency fluctuations depends on the applied transmission 
technique. A frequency drift of several GHz will not cause any problems to stay 
within the allocated bandwidth in a digital single-channel intensity-modulated 
direct-detection system. However, this is different in coherent systems. The 
intermediate frequency (IF), i.e. the frequency difference between the transmitter 
and the local oscillator, should be kept well within the IF-filter passband. Fig. 
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2.10 shows an example of the sensitivity to variations in the IF [2.38]. Severe 
penalties may already occur for an error in the IF of several MHz. Camparing this 
with fluctuations of more than 1 GHz, it is clear that stabilisation of the IF is 
essential. Usually, this automatic frequency control (AFC) is implemented using a 
delay-and-multiply frequency discriminator that controts the local oscillator 
frequency, see Fig. 2.11. The bandwidth of an AFC is typically several kHz, 
whereas the speed of the frequency fluctuations is much slower. So the frequency 
error between the two lasers eau always be kept below a few MHz. 

' \ I 
' \ I \ 
\ 

I I \ \ \ 
) -14 I ' 10 

' . I ' 

-38 

E' 
<D 
~ -40 
~ 

' I \ 
'" 3: 
0 
c. 

\ . . I \ 

ïÓ 
u -42 :;:; 
c. 

\ l-11 \ . 10 

\ . . .. 
\ 

.. 

0 

"0 
<IJ 
> 
ïü 
u -44 
OJ 
0:: 

\ 
\ 

' ..... -46 

Intermediate frequency deviation [MHz] 

Fig. 2.10 Sensitivity to variations in intennediate frequency for various bit error rates, 
calculated for a 636 Mbit/s single filter FSK system with intennediate frequency 
3.2 GHz [2.38]. 

In a coherent multi-channel system (or a high-density wavelength-division
multiplexed direct-detection system) the available optical bandwidth is limited to a 
few nm. This limit is caused by the limited tuning range of laser diodes and 
sametimes also by the specification of the wavelength window for the channels. 
Therefore the channels are usually densely spaced. If a channel drifts too close to 
another channel, crosstalk between the channels will occur. This is considered in 
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Fig. 2.11 Automatic frequency control (AFC) in a coherent receiver using a delay-and
multiply frequency discriminator. 

more detail in subsection 4.3.2. Typical channel spacings are 2-10 GHz for 
bitrates ofO.l-1 Gbit/s, see Fig. 2.12 [2.39]-[2.48]. A higher bitrate channel has 
a larger bandwidth and therefore requires a larger channel spacing, depending on 
the detection metbod (heterodyne, homodyne) and modolation index in the case of 
FSK modulation. Comparing this 2-10 GHz spacing with frequency drifts of 
several GHz, it may be concluded that free-running transmitter lasers are possible 
in principle, if a sufficient margin is taken for frequency drift. In [2.49] tree
running lasers are used at a 10 GHz spacing: 5 GHz required minimum distance 
and 5 GHzmargin for laser drift. However, when the channels are densely spaced, 
some form of stabilisation is required. Moreover, the management of the network 
(tuning to a channel, channel identification) is more practical when the channels 
have a fixed position and spacing in the optical spectrum. 

Several methods for frequency stabilisation have been proposed and demonstrated 
in literature. The methods can be categorized as "absolute" or "relative" stabiliza
tion. In case of absolute stabilisation an atomie/molecular reference is used, 
usually an absorption line of a gas or vapour (Rb, Cs, Th, Ne, Ar, Kr, Xe, NH3, 

H12C14N, H13C14N, 13C2H2), see Fig. 2.13. Also locking to a gas laser (HeNe) is a 
possibility. A disadvantage of absolute frequency stabilisation is the inflexibility in 
choosing the optical frequency, the laser diode can only be locked to a frequency 
at which an atomie/molecular line is available. However, translation of the 
absolute reference frequency to other frequencies is feasible using one of the 
techniques discussed below. 
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Fig. 2.12 Bitrate and channel spacing of some coherent multi-channel systems published in 
literature [2.39]-[2.48]. 

Fig. 2.13 Schematic of absolute frequency stabilisation of a laser using anatomie absorption. 
The transmission of light through the gas cell has a narrow absorption "dip" at a 
specific optica! frequency. The control electronics adjust the optica! frequency of 
the laser diode so that it has minimal transmission through the gas cell. This is 
achieved automatically by giving the laser diode a small sinusoidal frequency 
dither. The magnitude and the sign of the frequency error are detected by using a 
lock-in amplifier. 
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The alternative of absolute stabilisation is relative stabilisation, where the laser 
diode is locked to another laser or a resonator. A survei is presented below on 
techniques for relative frequency stabilisation in coherent multi-channel systems 
proposed in recent years, camparing relative merits. 

Locking toa rejerence frequency comb [2.15], [2.50]-[2.52]. 
This metbod is based on a central master laser that generates a comb of equally 
spaeed frequencies. This comb is distributed over the network, and all transmitters 
and local oscillators are locked at the required frequency offset relative to one of 
the comb frequencies using automatic frequency control, see Fig. 2.14a. The 
advantages of this method are the accurately known spacing of the comb fre
quencies; the possibility of continuous setting of the transmitter frequencies, since 
the offset of the AFC is adjustable; and the possibility of network-wide availability 
of the frequency reference. The disadvantage is then of course that the network 
must facilitate the distribution of the reference. 

Locking toa Fabry-Pérot filter [2.18], [2.47], [2.53]. 
This metbod locks the channels to the resonance frequencies of a Fabry-Pérot 
filter. The light of all transmitters are FM dithered with low frequency pilot tones, 
and led to the Fabry-Pérot filter. The error signals are derived from the detected 
signal, see Fig. 2.14b. Insteadof FM dither also the FSK modulation may he used 
for the identification of the channels and for the derivation of the error signals. 
The advantage of this metbod is the broad speetral coverage. Stabie offset locking 
is possible at more than 100 nm wavelength spacing. A disadvantage is the discrete 
equidistant spacing of the channels (only multiples of the free speetral range). In a 
network with transmitters at different locations, several Fabry-Pérot filters are 
required. In that case a major problem is the exact reproducibility of the free 
speetral range and the need to stabilize the filters to a common reference. 

Locking toa scanning Fabry-Pérot interferometer [2.20], [2.21]. 
This metbod uses a scanning Fabry-Pérot interferometer as a spectrum analyser. 
The spectrum is interpreted, usually by a computer, and the frequencies of the 
transmitters are corrected, see Fig. 2.14c. The advantages of this metbod are the 
broad speetral coverage and the continuons setting of the frequencies (i.e. not 
being limited to a discrete set of frequencies). Disadvantages are the calibration of 

3This survey is based on 
J.P. Bekooy, O.J. Koning, AC. Labrujere, 'Carrier stabilization in coherent multi-channel 
systems using a comb of reference frequency,' contribution to International Workshop 
'OCTIMA 91 ', Optica) Coherent Transmission in Multipoint Applications: Systems and 
Devices, Rome, 29-31 January, 1991. 
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the spectrum analyser (the reproducibility of the free speetral range and the 
nonlineacity in the scan) and the slow response, since the filter is scanned 
mechanically. Furthermore, in the case of transmitters at different locations, 
several scanning Fabry-Pérot interferometers and locking to a common reference 
are required. 

Locldng toa scanning heterodyne spectrascope [2.54], [2.55]. 
This metbod uses a coherent receiver as a spectrum analyser. The local oscillator 
is scanned over the frequency range of the spectrum analyser and the power of the 
IF signal is detected, see Fig. 2.14d. Advantages of this metbod are the continuons 
setting of the frequencies and the use of "standard" coherent equipment [2.56]. 
Disadvantages are the need for a fast-tunable laser with a sufficient speetral range 
and the nonlineacity of the scan. And, in case of transmitters at different locations, 
more scanning heterodyne spectroscopes and locking to a common reference are 
required. 

Tandem offset locldng [2.57]. 
This metbod stabilises the frequency differences between pairs of laser diodes 
using automatic frequency control (AFC), which is relatively simple technique, see 
Fig. 2.14e. In the case that many lasers have to be stabilised, a whole chain of 
AFCs is required, which may be unpractical. However, this technique is very 
suited for the frequency stabilisation of single remote transmitters. This will be 
discussed in more detail later on in subsection 2.2.3. 
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Fig. 2.14 a-c Carrier stabilization schemes. 
a) Locking toa reference frequency comb [2.15], [2.50)-[2.52]. 
b} Locking to a Fabry-Pérot filter [2.18], [2.47], [2.53]. 
c) Locking to a scanning Fabry-Pérot interferometers [2.20), [2.21]. 
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Fig. 2.14 d-e Carrier stabilization schemes. 
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d) Locking toa scanning heterodyne spectroscope [2.54], [2.55]. 
e) Tandem offset locking [2.57] 

Fig. 2.15 shows the relative frequency stabilities, that have been achieved in 
literature. The horizontal axis gives the measurement time. However, this time is 
more a measure of the patience of the researcher. The frequency error remains 
limited, also for larger measurement times. In general, the stability is worse for 
the methods that check the frequency-error periodically (e.g. once every 10 
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seconds), than for the methods that control the laser frequencies continuously, 
depending of course on the intrinsic frequency stability of the laser diodes with 
control electronics. Typical frequency stahilities for perioctic frequency control are 
10-100 MHz, whereas this is 1-10 MHz for the continuous-control methods, see 
Fig. 2.15. All methods are in principle suited for application in CMC systems, but 
the continuous control methods are probably the best suited for IF stabilisation. 
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Fig. 2.15 Remaining frequency fluctuations of stabilised laser diodes, publisbed in literature 
[2.13]-[2.36]. +: methods that control the laser frequencies continuously (absolute 
reference, reference frequency comb, fixed Fabry-Pérot filter). o: methods that 
check the frequency-error periodically (scanning Fabry-Pérot interferometer, 
scanning heterodyne spectroscope). 

All methods from the survey have a good feasibility, when all transmitters are 
located at a single location, as in a high capacity coherent point-to-point system, or 
in a distributive system (e.g. optical CATV). However, transmitters are distributed 
over two or more locations in bidirectional point-multipoint networks (e.g. 
videophone on passive optical networks) and multipoint-multipoint networks (e.g. 
local-area networks). In that case some parts of the stabilisation system have to be 
duplicated at the different locations, and all systems must be locked to a common 
reference (either a local atomie reference or a reference frequency that is distrib
uted over the network). This will require much extra hardware, especially when 
there are many locations, each having only one or a few transmitters. 



36 2. Network aspects 

Two schemes are suited well for the frequency stabilisation of remote transmitters, 
since they require the least extra hardware. 

• The "reference frequency comb" scheme can easily be extended by distribut
ing the comb over the network [2.58]. This scheme is especially suited for a 
multipoint-multipoint network, e.g. a wide area network (WAN), in which all 
terminals are the same. 

• The "tandem locking" scheme locks the frequency of a remote transmitter to 
an incoming frequency from a centrally stabilized source, using automatic 
frequency control [2.57]. This scheme is especially suited for a bidirectional 
point-multipoint network, e.g. a subscriber network. All transmitter lasers at 
the local exchange are stabilized by using one of the methods from the survey 
above. 

Experiments incorporating these two schemes are presenled in subsections 2.2.2 
and 2.2.3, respectively. 

2.2.2 UCOL demonstratol' 

UCOL (ultra-wideband coherent optical local area-network) is an acronym for the 
European ESPRIT project 2054 (1989-1992), in which 11 companies (inc. PTT 
Research) from 6 countries participated to study the feasibility of coherent 
transmission in an optical LAN/MAN (Local Area Network/Metropolitan Area 
Network) [2.59]. The UCOL network bas a transmissive optical star topology and 
all transceivers are able to communieale over a set of 20 optical 300 Mbit/s 
channels using DPSK modulation. The "reference frequency comb" scheme was 
chosen for the frequency stabilization of the transmitter and local-oscillator lasers, 
which are distributed over the network. The reference is distributed over a 
separate tree network, see Fig. 2.16. 

'This work was also publisbed in 
O.J. Koning, A.C. Labrujere, C.M. de Blok, J.P. Bekooy, 'Reference frequency-comb for 

multi-channel stabilization by mode-locking of a semiconductor laser,' 16!h European 
Conference on Optica! Communication, ECOC'90, Amsterdam, 16-20 September 1990, 
Paper WeF3.3, pp.539-542, and 

O.J. Koning, A.C. Labrujere, P.J.M. Prinz, '60 dB power budget for 300 Mb/s DPSK 
transmission system using distributed frequency management,' l8th European Conference on 
Optica! Communication, ECOC'92, Berlin, 27 September- I October 1992, Paper WeA9.4, 
pp.405-408. 
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Fig. 2.16 Topology ofthe UCOL network. 

Part ( 10%) of the op ti cal power of the transmitters and local oscillators is used for 
the frequency locking, see Fig. 2.17. The transmitter laser is locked to an offset 
frequency of 300 MHz below the frequency of the comb line. The local-oscillator 
laser is locked to the same comb line, but at an offset frequency of 300 MHz 
above. Thus, the frequency difference between transmitter and local oscillator is 
600 MHz, which corresponds to the required intermediale frequency. Other 
choices of the offsets are possible to give the required intermediate frequency, e.g. 
200 MHz + 400 MHz, or locking to different comb-lines. 

V arious methods have been proposed to accomplish the generation of the comb of 
frequencies, based on: mode locking of a semiconductor laser [2.13], [2.52], 
frequency modulation of a semiconductor laser [2.15], [2.50], use of an external 
phase modulator [2.60], [2.61], use of an external Mach-Zehnder modulator 
[2.51], [2.62], or by using a frequency shifter in an optical feedback loop [2.63]. 
In the UCOL system, mode locking of a grating-extended semiconductor laser was 
chosen. Here the laser diode is modulated at a frequency equal to the resonance 
frequency (mode spacing) of the external cavity. This modulation results in the 
generation of a train of short pulses, and the optical spectrum is a 
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Fig. 2.17 General set up of the DPSK link. Transmitter, receiver, and the comb generator 
block are shown. The frequency allocation scheme is also displayed. 

comb of equally spaeed frequencies. The term "mode locking" refers to the fact 
that all extemal-cavity laser modes have the same optica! phase, caused by the 
modulation at the resonance frequency of the laser. The number of lines is a 
parameter of design, determined by the modulation depth and the optica! 
bandwidth of the cavity. Since only five comb lines are used in the UCOL system, 
the optical bandwidth of the cavity is limited by a grating. lt is possible to generate 
many more comb lines by altering the design ofthe mode-locked laser. The power 
per comb line will be reduced in this case, since the total output power of the 
mode-locked laser is limited. 

Absolute frequency stabilisation of the entire frequency comb is achieved by 
locking the mode-locked laser to an absolute wavelength. In order to avoid 
problems related to polarisation mismatch of the comb and the transmitter and 
local-oscillator lasers, a low speed polarisation scrambler [2.64] has been used, 
placed directly after the mode-locked laser (see Fig. 2.17). This way, a simpte 
coherent receiver can be used, instead of a polarisation diversity receiver or 
polarisation control receiver (see chapter 5). 

Fig. 2.18 shows the output spectrum of the mode-locked laser on a scanning 
Fabry-Pérot interferometer. The comb line spacing was 3.5 GHz. There are five 
comb lines visible within the FWHM (full width at half maximum) of the 
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Gaussian-like envelope. Fig. 2.19 shows the locking of a laser to the reference 
comb. Fig. 2.20 shows the lP-spectrum. The IF remained stabie at 600 MHz 
within MHz, which demonstrates the feasibility of this scheme. 

-? 5.8 GHz/div 

Fig. 2.18 Spectrum of the frequency comb. 
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~3 GHZ/div ~ 8 GHz!div 

al b) 

Fig. 2.19 Locking a tunable laser to the frequency comb. a) Tunable laser locked to three 
different comb lînes. b) Locking while tuning the comb. 

The evaluation of the UCOL concept will be given tagether with the evaluation of 
the COSNET concept in subsection 2.2.3. 
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Fig. 2.20 Stabie intermediate frequency spectrum. 
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2.2.3 COSNET demonstrator 5 

COSNET (coherent optical subscriber network) is an acronym fora PTT Research 
demonstration project ( 1988-1992), in which the application of coherent trans
mission in a subscriber network was investigated [2.65]. The COSNET concept 
provides a wide range of possibilities to support all kind of narrow-band and 
broadband services, and allows for the transmission of many channels for both 
distributive and interactive services. The topology of the demonstrator is based on 
an optical star in the local exchange, foliowed by passive trees, see Fig. 2.21a. 
The signals of the coherent transmitters for the distributive services and trans
ceivers for the communicative services are multiplexed in a 16 x 16 transmissive 
star at the local exchange. Notice that 16 x 16 is the choice for the demonstrator. 
In a practical system this star may be much larger, e.g. 1024 x 1024. The coherent 
signals (155 Mbit/s channels at a wavelength of 1536 nm) are multiplexed with the 
signals of the direct detection transceiver (32 bidirectional 144 kbit/s DD-SCM 
channels at 1310 nm) by means of coarse wavelength multiplexing. 

Frequency locking scheme 

Fig. 2.21b shows the frequency locking scheme of COSNET. The frequency 
stabilisation of all lasers is done in several steps. All transmitter lasers at the local 
exchange are stabilised by a scanning heterodyne spectroscope. This spectroscope 
can be stabilised to an absolute reference (not in the demonstrator). The local
oscillator lasers at the subscriber are locked to the incoming light from the 

5This work was also published in 
A.C. van Bochove, M.O. van Deventer, 'COSNET: a coherent optica! subscriber network 

with bidirectional broadband channels,' 16th European Conference on Optica! Communi
cation, ECOC'90, Amsterdam, 16-20 September 1990, Paper TuP6, pp.369-372, 

M.O. van Deventer, O.J. Koning, C.M. de Blok, 'Frequency management for uni- and 
bidirectional coherent optica! subscriber network (COSNET),' 18th European Conference on 
Optica! Communication, ECOC'92, Berlin, 27 September - 1 October 1992, Paper TuP1.25, 
pp.321-324, 

A.C. van Bochove, M.O. van Deventer, P.W. Hooijmans, M.T. Tomesen, P.P.G. Mols, 
G.D. Khoe, 'Coherent transmission in the local loop,' Proceedings of the IX International 
Symposium on Subscriber Loops and Services (ISSLS '91), pp.411-417, Amsterdam, 22-26 
April 1991, and 

A.C. Labrujere, M.O. van Deventer, O.J. Koning, lP. Bekooy, H.H. Tan, G. Roelofsen, 
M.K. de Lange, J.P. Boly, J.A.H.W. Berendschot-Aaarts, C.P. Spruyt, M.F.L. van Nielen, 
R.F.M. van den Brink, C.M. de Blok, AC. van Bochove:, 'COSNET- a coherent optica! 
subscriber network,' Joumal of Lightwave Technology, vol.ll, no.5/6, pp.865-87 4, 1993. 
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Fig. 2.21 a) Network topology of COSNET. b) Frequency locking scheme. 

(stabilised) transmitters. The transmitter and local-oscillator lasers of the upstream 
links (from subscriber to local exchange) are frequency locked to the downstream 
lasers. The different parts of the frequency locking scheme are explained in more 
detail below. 
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Heterodyne spectroscope 

One of the ports of the transmissive star is led to a heterodyne spectroscope to 
measure and control the frequencies of all transmitter (TX) lasers at the local 
exchange. At a cold start all TX lasers at the local exchange are switched off by 
mechanical on/off switches. Next, one by one, the position of the lasers is 
measured and adjusted to a prescribed channel frequency. Then all switches are 
switched on and the lasers are controlled periodically. If one of the lasers drifts 
too far or has too low power, it is shut off automatically. The heterodyne spectro
scope consists of a DBR laser and a polarisation diversity hybrid, see Fig. 2.22. 
The laser is scanned continuously over 130 GHz through the channel spectrum 
once every 10 seconds. The tuning of the scan laser is calibrated by directing part 
of the scan laser output through a Fabry-Pérot resonator having a 5 GHz free 
speetral range. The resonator and beat signals are fed into a computer, used for 
monitoring and controlling the lasers. 

Transmitter Laser 
frequency control 

Scanlaser 

16x16 
optical star 

Polarisation 
diversity 
receiver 

Interf erometer 

Fig. 2.22 Heterodyne spectrascope for stahilizing all transmitter lasers at the Iocal exchange. 

Fig. 2.23 shows a typical display of the heterodyne spectroscope. The measured 
frequency difference between two transmitter lasers, that are controlled by 
temperature, is shown in Fig. 2.24. In the free running mode the frequency drifts 
over more than 500 MHz in 6 hours. However, when the stabilisation is active, 
the lasers drift less than 200 MHz in the 10 secouds between each scan. This fre
quency stability is acceptable, since the channel spacing is chosen sufficiently large 
(10 GHz) and the other lasers track the TX laser frequency quickly enough with 
AFC (next paragraphs). 
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Fig. 2.23 Display of the heterodyne spectroscope. Lower traces: scanning of the laser and 
Fabry-Pérot filter output. Middle trace: measured spectrum. Upper traces: 
individuallaser lines, three laser are being controlled. 

P'requeney stabllisaUon OFF 
1 

P'requenoy atabW.aUon ON 

0.8 ~·--+-------!-----; 

0.61--------l--·----+-·-----1 

0.41------··--··l------.. ··+------l 

-0.61---·---·---~---·--+--··---·--1 

-lL-----~--~----~ 
0 2 4 6 

Time (houn) Time (hoW'II) 

Fig. 2.24 Frequency difference between two transmitter lasers. Left: free running. Right: 
stabilisalion aclive. 
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Unidirectional distributive transmission 

For the distributive channels the local oscillator (LO) laser is offset locked (AFC, 
1 GHz IF) to the incoming signal. The polarisation handling of the distributive 
system will be discussed in short below, because of its interaction with the 
frequency stabilisation. 

The polarisation handling of the distributive channels is done by data-induced 
polarisation switching (DIPS) at the TX lasers [2.66]. The principle of DIPS is 
that all Is are transmitted with one state of polarisation and all Os with the 
orthogonal state of polarisalion. This way the coherent receiver will always be able 
to receive the signal, independent of the received state of polarisation. Since there 
are much less transmitters than receivers in a distributive system, DIPS has the 
large advantage that the polarisation handling is done at the transmitters This way 
the simplicity of the TV -receivers is assured: no polarisation handling at the sub
scfiber site, see Fig. 2.25. DIPSis treated in more detail in subsection 5.1.1 and 
section 5.3. 

A complication of automatic frequency control with DIPS is thal the Os or the 1s 
may fade with polarisation fluctuations, which would result in a flucluating inter
mediale frequency. A solution is lhe application of a second frequency discrimi
nator, which has a zero crossing with positive slope at both the frequency of the Os 
and at the frequency of the 1s [2.67]. However, this discriminator bas an 
ambiguily of the frequency locking, which makes switching between channels 
difficult. Instead we applied a low speed polarisation scrambler [2.64] at the TX 
lasers lo achieve unambiguous locking. The speed of the scrambling is much lower 
than the bitrate, so that the transmission is not affected. On the other hand, the 
speed of scrambling is faster than the response of the AFC, yielding a stabie 
intermediale frequency. 

For switching between channels (or at cold start) the frequency of the LO laser is 
coarsely tuned with temperature, using a look-up table. Subsequently, the current 
is swept until an IF signal is detected and the frequency control loop is closed. For 
a freely-running laser a frequency drift of over 500 MHz is observed. When the 
LO lasers are locked, the frequency fluctuations are reduced to less than 30 MHz, 
see Fig. 2.26. 
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hibi fiber 

DFB laser 

Fig. 2.25 Coherent distribution system with data-induced polarisation switching (DIPS) and 
low speed polarisation scrambling. 
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Fig. 2.26 IF spectrum of the coherent distribution system: a) umnodulated and free running, 
b) umnodulated and AFC locked, c) FSK modulated signa!. Por t:he upper traces of 
a) and b) t:he "maximum hold" option of t:he spectrumanalyseris used to show the 
drift of the intermediate frequency for a period of about five minutes. 

Bidirectional communicative transmission 

For the bidirectional channels a "tandem locking scheme" is applied. The sub
scriber LO laser is locked relative to the incoming signal using an AFC signal 
extracted from the demodulator, at an IF of 600 MHz. The subscriber TX laser is 
offset locked to that LO laser at 2.4 GHz. For this purpose 10% of both LO and 
TX output are mixed on a single photo detector. Similarly, at the Iocal exchange 
the LO laser is offset locked to the TX laser. The advantage of this scheme is that 
the control of the local-exchange lasers and the subscriber lasers is independent. 
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As for polarisation handling, polarisation diversity has been applied, since this 
yields the highest receiver sensitivity without the need of active control, see Fig. 
2.27 ([2.67], see also subsection 5.1.1). 

When switching between channels (or at cold start), the TX laser at the subscriber 
is disconnected from the network by a mechanica! on/off switch, in order to avoid 
interference with other channels. Subsequently the LO laser and the TX laser are 
simultaneously tuned to a selected frequency. When both lasers are locked, the TX 
laser is connected again. Fig. 2.28 demonstrates the "tandem locking" of alllasers 
of a bidirectional channel. 

Transceiver 

-------, 
••••••••••••••••. j ••.•..•••••••••••• Channel 

I select 

Signal Signal 
processing out 

Fig. 2.27 Coherent transceiver with polarisation diversity and offset locking of remote 
transmitter lasers. 
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600 MHz 

'---y-' '"----v-' 
Upstream Downstream 

Fig. 2.28 "Tandem" frequency locking of a coherent bidirectional channel. When the TX 
laser at the local exchange is tnned all other lasers follow. 

The signaHing information for the channel allocation is provided by the 
bidirectional DD-SCM system (see also subsection 4.2.2). The reasou of this 
choke is that the signalling information can always reach all coherent transceivers 
in a simp ie way. The alternative is to put the signalling information on the 
coherent channels. This would require a large duplication of information, since 
every channel should carry all signaHing information. Moreover, signalling 
information will not reach a transreiver when it is switched off, or tuned to the 
wrong frequency. 

Conciosion 

Many frequency-stabilisation schemes for coherent multi-channel systems are 
designed for signa! distribution, i.e. all transmitters are at the same location and 
their frequencies can be stabilised centrally. However, there will be remote 
transmitters in the case of bidirectional transmission. Stabilisation of the 
frequencies of these transmitters is essential if the channels are closely spaced. 
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Two schemes are the most promising for the stabilisation of the remote transmit
ters, because they require the least extra hardware: the "reference frequency 
comb" scheme and the "tandem locking" scheme. Both schemes loek the fre
quency of the remote transmitter to an incoming frequency, directly or indirectly. 
For the former scheme this incoming frequency originates from a centrally
distributed frequency comb. For the latter scheme the incoming frequency is a 
signal from the local exchange. 

The "reference frequency comb" scheme was developed with a wide-area network 
application in mind, whereas the "tandem locking" scheme was developed for ap
plication in the access network. Both schemes have been demonstrated experimen
tally. The choice of the frequency-stabilisation scheme (and the application of 
coherent transmission at all) is a techno-economical choice, which can not readily 
be answered. 
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3. Physical aspects 

Several physical aspects are important in the bidirectional operation of optical fibre 
networks. First there is the issue of redprocity, the behaviour of the optical fibre 
in both directions. Then there are the physical phenomena that (may) cause 
crosstalk between bidirectional channels: reflections, Rayleigh backscattering, 
Brillouin scattering, and four-wave-mixing. This chapter is focused on the 
polarisation properties of these phenomena, because these have not been studied in 
much detail in literature before. This chapter only considers at the physical 
properties of the phenomena themselves, whereas the effects of these phenomena 
on bidirectional optical communication are treated in chapter 4 (transmission 
aspects). Chapter 4 includes a treatment of the operation of bidirectional amplifiers 
as a "black box" (noise, saturation, crosstalk) as well. The results of this chapter 
on polarisation properties will also be used in chapter 5 (polarisation handling). 

The structure of this chapter is as follows. Section 3.1 discusses the redprocity of 
optical fibres and some optical components. Section 3.2 considers the state of 
polarisation of light of forward and backward propagating waves in reciprocal 
media. Consistent definitions of "identical" and "orthogonal" states of polarisation 
for counterpropagating waves are introduced. Using these definitions, a theorem 
on the preservalion of polarisation orthogonality is found and experimentally 
verified. Section 3.3 describes Rayleigh backscattering in optical fibres, calculates 
the polarisation properties of this phenomenon and gives experimental confirmat
ion. Section 3.4 does the same for stimulated Brillouin scattering. Section 3.5 
proves the absence of four-wave mixing (FWM) in bidirectional systems both 
theoretically and experimentally. 
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3.1 Reciprocity6 

Redprocity means that if a signal experiences a certain attenuation and time delay 
in one direction, precisely the same attenuation and time delay will occur in the 
reverse direction. I.e. a reciprocal medium is symmetrical with respect to the 
direction of propagation. This applies not only to light, but also to radio waves, 
sound waves and even waves through the earth's ernst. If you stamp hard on the 
floor, a Chinaman at the other end of the world will feel a (very) small shock after 
a certain time. If that same Chinaman then stamps hard on his floor, you will feel 
the same (very) small shock with the same delay. 

For electromagnetic waves this result is sometimes referred to as the redprocity 
theorem (or the reversion theorem) of Helmholtz: a point souree at PA wil/ 
produce at PB the same effect as a point souree of equal intensity at point PB wil! 
produce at PA [3.1]. For optical-fibre systems it is useful to define redprocity in 
terms of (optical) modes and mode coupling: in a redprocal medium the mode 
coupling from mode MA to mode MB is the same as the mode coupling from mode 
MB tomode MA inthereverse direction. Here modeMAand modeMs may be e.g. 
polarisation modes at one end and the other end of an optical fibre, respectively 
(see subsection 3.2.2). A general mathematica! definition of the redprocity of 
electromagnetic waves is given in [3.2]. However, this is beyond the scope of this 
thesis. 

Most optical components known today are reciprocal: couplers, Y-branches, 
optical fibres, retarders, optical networks (not including isolators), optical modu
lators, semiconductor and doped-fibre optical amplifiers. A good mustration of 
reciprocity of an optical component is the Y -branch, see Fig. 3.1. In one direction 
the Y-branch splits the incoming optical power 50%/50%. Inthereverse direction 
the transmission from one branch to the central branch is the same 50%. The other 
50% is lost by radiation into a higher order mode. 

&rhis discussion on reciprocity was also publisbed in 
M.O. van Deventer, 'Bidirectional optical-fibre communication,' PTT Research monograph 
9101, October 1991. 
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Fig. 3.1 Reciprocity of a Y-branch. 

Only a few optical components are not reciprocal: Brillouin optical amplifiers, 
acousto-optic frequency shifters and Faraday rotators. 

• Brillouin amplifiers are based on stimulated Brillouin scattering. One strong 
pump wave induces optical gain for signals propagating in the opposite direction at 
an 11 GHz (at 1550 nm) lower optical frequency. Brillouin amplifiers have only 
gain for a signal counterpropagating to the pump wave, for copropagating waves 
there is no interaction [3.3]. Stimulated Brillouin scattering is treated in more 
detail in section 3 .4. 

• Acousto-optic frequency shifters are based on the reflection of light at a 
travelling acoustic wave, which is generated by some acoustic transducer. The 
whole optical input spectrum is shifted in frequency, because of the Doppier shift. 
Typical shifts are in the order of 50-1000 MHz. An aeonsto-optic frequency shifter 
operates symmetrically, either the signals in both directions are upshifted or they 
are both downshifted. When an optical filter is placed between an "upshifter" and 
a "downshifter", the central frequency of the passband of the composite set is 
different for the two directions [3 .4]. 

• A Faraday rotator is based on the Faraday effect, which causes a non
redprocal rotation of the state of polarisation in magneto-optic materials, when a 
static magnetic field is applied. The rotation of the state of polarisation is right
handed (with respect to the direction of propagation) in one direction, whereas it is 
lefthanded in the other direction. This in contrast to normal reciprocal media with 
optical activity, in which the direction of rotation is the same in both directions. 

Faraday rotators are usually applied in optical isolators and circulators. In principle 
an optical isolator consists of a 45° Faraday rotator that is placed between two 
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polarisers, which make an angle of 45° with respect to each other, see Fig. 3.2. 
When light is injected from one direction, it passes the first polariser, the Faraday 
rotator and the secoud polariser, respectively. However, in the other direction the 
light passes the secoud polariser, the Faraday rotator and is then blocked by the 
first polariser. So in one direction the isolator is loss free in principle, whereas no 
light can pass in the other direction. The transmission of light through an optical 
isolator is polarisation dependent, because of the polarisers. A polarisation 
independent optica! isolator can be constructed from two polarisation dependent 
isolators in a double path configuration, one for each polarisation. Here 
polarisation splitters are used instead of polarisers. Optica! isolators are commonly 
applied toshield optica! amplifiers and lasers from reflections, usually polarisation 
independent ones for the farmer and the less expensive polarisation dependent ones 
for the latter. 

part 1 port 2 

Fig. 3.2 Optica! isolator. PBS: polarisation beam splitter, used as polariser. H: direction of 
the magnetic field (see text). 

An optica! circulator operates similarly to an optica! isolator, but now the 
backward propagating light is not blocked by a polariser, but split off to a third 
port by a polarisation splitter [3.5]. Usually a double path configuration is used to 
make the circulator polarisation independent [3.6], see Fig. 3.3. Light entering 
from port 1 will be split into horizontally and vertically polarised components. 
Each component follows its own path through the rotators and the two components 
are recombined at the secoud polarisation splitter to port 2. In the same way light 
from port 2 travels to port 3, from port 3 to port 4 and from port 4 to port 1. The 
polarisation independent optica! isolator mentioned before can be considered as a 
stripped version of the polarisation independent circulator, of which only one input 
and one output port are used. Optical circulators are applied for the loss free 
duplexing of bidirectional signals, and in erbium-doped fibre amplifiers to inject 
the counterpropagating pump light. At the time of writing this thesis (1994) optica! 
circulators are only applied on a small scale in experimental systems. They are 
considered still too expensive for large scale application. 
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Fig. 3.3 Polarisation independent optica! circulator. a) Construction of the circulator, with 
beamsplitters, mirrors, a 45" Faraday rotator and a 45° redprocal rotator. b) 
Operation of the circulator for light from port I to port 2. c) Idem for light from 
port 2 to port 3. The planes in b) and c) represent the evolution of the state of 
polarisation in the circulator: horizontally polarised light is passed by the 
polarisation beam splitters, whereas vertically polarised light is deflected. The 
influence of both types of rotators is rotation of the state of polarisation. 
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3.2 Polarisation 

A "single-mode" fibre actually has two polarisation modes (along the x- and y
axis). In a fibre without any birefringence these two modes are degenerate, i.e. 
they have the same propagation constant. Sametimes a fibre is intentionally made 
highly birefringent by built-in stress in the fibre [3.7]. In this type of fibre x- and 
y-polarisation have different propagation constants and the coupling between the 
modes is very small. Therefore "hibi" fibre is often used as polarisation maintain
ing fibre. In standard fibres the polarisation modes are nearly degenerate, because 
of residual stress in the fibre, a slightly elliptical core, bends, torsion, extemal 
forces, etcetera. Coupling between the polarisation modes may occur due to 
fluctuations in these birefringence-inducing effects along the fibre length. This 
phenomenon is called polarisation mode dispersion [3.8] and the result is that the 
state of polarisation changes randomly during propagation and as a function of 
wavelength. The state of polarisation may also change in time, because of 
birefringence fluctuations with time or vibrations. Polarisation mode dispersion is 
considered in more detail in subsection 5.2.3. 

The structure of this section is as follows. Subsection 3.2.1 introduces the two 
calculuses, that are commonly used to describe the state of polarisation of light: 
Jones calculus and Stokes calculus. Subsection 3.2.2 generalises both calculuses to 
the bidirectional propagation of light. Subsection 3.2.3 presents a new theorem on 
polarisation orthogonality and the experimental verification of it. 

3.2.1 Polarisation calculus 

Two calculuses are commonly used to describe the state of polarisation of light: 
Jones calculus and Stokes calculus. These calculuses are the mathematical tools, 
that are used to describe e.g. the change of the state of polarisation along an 
optica! fibre, the polarisation aspects of the addition of waves, the effect of 
polarisation-dependent loss and polarisers, depolarisation, and polarisation aspects 
of linear and nonlinear interaction of light and matter. These calculuses will be 
often used tbroogbout this thesis. 

Jones calculus 

In the period 1941-1956 R.C. Jones wrote a series of eigbt papers on "a new 
calculus for the treatment of optica! systems" [3.9]. His work introduces a matrix 
description of linear optical systems and includes treatments of retarders and 
rotators, the reversibility of optica! systems, different types of birefringence and 
polarisation-dependent loss, partially polarised light, a generalisation independent 
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of the direction of propagation in three dimensions and guidelines for experimental 
determination of the now-called "Jones matrix". An extensive treatment of the 
Jones calculus is given in [3 .10]. 

Jones calculus assumes a harmonie transversal electromagnetic wave and repre
seuts its two orthogonal components by a complex vector. This vector gives the 
amplitude and phase of the x- and y-component of the electrical ( =optical) field. 
For light propagating in the +z or -z direction the complex field vector E is 
expressed as 

(1) 

Here w is the optical angular frequency, ex and ey are complex scalars and i is 
given by i2 = -1. The optical field itself can be found by tak:ing the real part of 
equation (1). When using Jones calculus, the Jones vector is usually displayed as a 
vibrational ellipse. This ellipse is the real part of the y-component of the complex 
field vector E set out against the real part of its x -component, with time as para
meter, see Fig 3.4a. Some examples of Jones-veetors are (1,0): linear horizontal 
polarisation, (1/z../2, 1/z../2): linear polarisation at +45° and (l ,i): lefthanded 
circular polarisation. 

The two optical field components at the output of a linear optical system are linear 
combinations of the two optical field components at the input. Then the output 
Jones vector is calculated as a multiplication of this vector with the Jones matrix. 

(2) 

or 

(3) 

Here M1 is the Jones matrix. Often one is only interested in the state of 
polarisation, and not in the amplitude or absolute phase of the optical field. In that 
case attenuation and propagation can be taken out of the matrix and the Jones 
matrix is written as 
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(4) 

Here a is the power attenuation coefficient and (3 is the imaginary part of the 
complex propagation constant 1ha+i(3. 

Two waves are orthogonally polarised by definition, when their Jones veetors are 
orthogonal, i.e. 

(5) 

If there is no polarisation-dependent loss U is a unitary matrix, i.e. UT·U*=I, 
where the superscript T means the transpose of a matrix, * the complex conjugate 
and I is the identity matrix. The proof of that the absence of polarisation dependent 
loss corresponds with a unitary Jones matrix, and vice verse, is given by Jones 
[3.9].U canthen be written as 

(6) 

The transmission through an arbitrary polariser can be described by a Jones vector 
ep with unit length. Only the component of the input light, that is polarised along 
ep is passed through the polariser. A polariser can also be described by a Jones 
matrix. 

(7) 

Stokes calculus 

In 1852 G.G. Stokes introduced a concise means of representing partially polarised 
light in a four-element vector, now called "Stokes vector" [3.11]. Different states 
of polarisation can be represented by points on a sphere, using the Stokes vector. 
This geometrie representation was publisbed by H. Poincaré in 1892 [3.12], and 
the sphere is called the Poincaré sphere. The Stokes calculus was developed in 
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considerable detail in a course of lectures by prof. H. Mueller during 1945-1946 at 
the Massachusetts Institute of Technology (reference from [3.9]). Extensive 
treatments ofthe Stokes calculus are given in [3.13] and [3.1]. 

Stokes calculus is based on the intensity of the light when measured through 
polarisers. Using 
I: total intensity, 
H: intensity when measured through a linear polariser at oo, 
V: intensity when measured through a linear polariser at 90°, 
P: intensity when measured through a linear polariser at 45°, 
Q: intensity when measured through a linear polariser at -45°, 
L: intensity when measured through a lefthanded circular polariser, 
R: intensity when measured through a righthanded circular polariser, 
the Stokes vector is written as 

So 1 

s. H-V 
S= s2 P-Q 

s3 L-R 

(8) 

Some examples of Stokes-veetors are (1,1,0,0): linear horizontal polarisation, 
(1,0,1,0): linear polarisation at +45° and (1,0,0,1): lefthanded circular polari
sation. 

Two waves are orthogonally polarised, by definition, when the St> S2, and S3 

components of their Stokes veetors have the same ratio between them and an 
opposite sign, i.e. 

is orthogonal to 

S'o 
-S1.const 

S = with const~O 
b -S2.const ' 

-S3const 

(9) 

Incoherent light may not be fully polarised. The degree of polarisation (DOP) is 
defined as 

Pron-Pmln 
DOP -==-..::::= (0%:s:DOP::d00%) (10) 
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where p max is the maximum power that can be transmitted through an arbitrary 
polariser and Pmin the minimum power. A degree of polarisation of 100% means 
that the light can be fully blocked by a polariser, when it is put orthogonal to the 
state of polarisation of the light. When the states polarisations of the polariser and 
the light are aligned, all light is passed through the polariser. A degree of 
polarisation of 0% means that always half of the light is transmitted through the 
polariser, regardless of the orientation of the polariser. Partially polarised light can 
be considered as the addition of some fully polarised light (100%) and unpolarised 
light (0%): when varying the orientation of the polariser, there is variation in the 
transmitted light, but the light can neither be fully blocked nor fully passed. The 
degree of polarisation can also be expressed in Stokes parameters. 

(11) 

Propagation through a linear medium can be described as a matrix operation, 
similar to the Jones calculus. 

(12) 

Here M5 is a real matrix with a positive determinant, called "Mueller matrix". 

Often the only the parameters S~> S2 and S3 are used, normalised with respect to 
the total intensity: 

(13) 

Fora fully polarised wave (DOP=lOO%) s~> s2 and s3 are ooordinates on a unit 
sphere called the Poincaré sphere, see Fig. 3.4. When there is no polarisation
dependent loss or depolarisation, then M5 is an orthogonal matrix with a positive 
determinant: M8T·M8 =I, and det(M8)=+1. In that case light propagation through a 
birefringent medium can be interpreted as a rotation over the Poincaré sphere. 
This makes Stokes calculus very instructive in the evaluation of the state of 
polarisation in optical fibres. Pieces of fibre can be modelled as small rotations 
over the Poincaré sphere and the total change in tbe state of polarisation is the 
concatenation of all these rotations. lt gives also good insight in the behaviour of 
the state of polarisation as a function of time or wavelength. This is treated in 
more detail in chapter 5, especially subsection 5.2.3. 
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Fig. 3.4 Polarisation in a) Jones calculus (vibrational ellipse) and b) Stokes calculus 
(Poincaré sphere). 
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Comparing Jones and Stokes calculus 

There are some essential differences between the two calculuses. Jones calculus is 
based on complex veetors giving the amplitudes and phases of the two optical field 
components. Jones calculus implicitly assumes fully polarised coherent waves, 
partially polarised or unpolarised waves can not be described directly in Jones 
calculus7

• Stokes calculus is based on (average) intensities and does not consider 
the absolute phase. It is possible to couvert a Jones vector into a Stokes vector: 

S0=ie;l+le:l 
S1=le;l-le:l 
S2 =2-RE(exe;) 
S3 =21M(exe;) 

(14) 

The opposite is only possible for fully polarised waves and extra information is 
required on the absolute phase of the light. 

When two optical fields are added the resultant complex field vector E is the sum 
of the two different complex field veetors (see also equation (1)). 

(e Axl iw t (e Bx] iw E =E +E = e A + e Il tot A B 
eAy eAy 

(15) 

When the two optical fields have exactly the same frequency (wA =w8 =w), then 
one can speak of a resulting Jones vector, which is the sum of the Jones veetors of 
two fields. 

7In appendix A it is shown, that it is possible to describe depolarised light by using 
Jones calculus. Then the incoherent light is considered as the ensemble average of many 
coherent parts, each having its own Jones vector. This approach is required for problems 
involving both coherence and depolarisation, e.g. the application of a depolariser in an 
interferom eter. 
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(16) 

When the two optica! fields have a different frequency, it is not possible to define 
a resultant Jones vector of the sum. The intensity of the resultant signa! is the sum 
of the intensities of the two fields, plus a coherent beatnote, which has the differ
ence frequency. 

Coherent detection makes use of this beatnote, the magnitude of which is given by 
the absolute value of the inner product of the Jones vector of the one field 
("signa!") with the complex conjugate of the Jones vector of the other field ("local 
oscillator"). The detection of the coherent beatnote is optimum when the two fields 
have the same state of polarisation, whereas no beatnote is detected when the two 
are orthogonally polarised. 

The "mixing efficiency" of two optica! waves with specific states of polarisation is 
the (normalised) power of the coherent beatnote, which is in Jones calculus given 
by 

(18) 

lf the two optica! fields A and B have the same state of polarisation, then 71voi = 1. 
For orthogonal polarisation states 71vol =0. Otherwise 0 < 1/voi < 1. Equation (18) can 
be rewritten in Stokes parameters as follows, using equation (14). 
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"'"'= (::I::ll(l•,l'ie,l') 
=I eAxe~+eAye;, Ïl(ieAI2 1eBI2) 

=(ie Axi 2 ieBx 12 + Ie Ayl 2 ieByj1+2RE(e Axe;,e;xeBy>Y(Ie A l2 ie B 12) 

=~[ (Ie Axl 2
+ leAl><leBxl2+ leByl2) 

+( leAx 12-leal>CieBxl2 -leByl2
) 

+ 2RE( e Axe ;,).2RE( e Bxe ;,) 

+2/M(e Axe ;y).2IM(eBxe;,) l/( Ie A l2 le B 12) 

1 
=z(SOASOB +S1ASIB +S2AS2B +S3AS3nY(SOASon) 

1 
=z(~ . ~Y(SOASon) 

(19) 

This mtxmg efficiency can be used to find the penalty for the polarisation 
mismatch in a polarisation control coherent receiver. Using the nonnalised Stokes 
parameters for the state of polarisation of the incoming signal ~ ,s~s,S2s,s3,) and 
the local oscillator ~1o=(l,S110,S210,S310), the penalty is 

Penalty= -10 *log( 11P<J1) 

= -10*log(1(1 +St.ltto +Szs-Szzo +S3.1Jlo)) 

= -lO*log(~(l +cosa")) 

-10*log(cos2(.!.a: )) 
2 m 

(20) 

Here am is the angle between the two states of polarisation (signal and local 
oscillator) on the Poincaré sphere. This result will be used in section 5.2 in the 
analysis of common polarisation control systems. 

The polarisation mixing efficiency is also important in nonlinear effects, such as 
four-wave mixing (subsection 3.5.2), stimulated Brillouin scattering (subsection 
3.4.2) and stimulated Raman scattering. 

As for Stokes calculus, it assumes the incoherent (intensity) actdition of waves. I.e. 
it considers only slowly varying light intensities and the (fast) coherent beatnote is 
ignored. So when two mutually incoherent optical fields are added, the resulting 
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Stokes vector is the sum of the two Stokes vectors. This property of Stokes 
calculus will be used in subsections 3.3 and 3.4 to calculate the polarisation 
properties of Rayleigh and Brillouin scattering. 

3.2.2 Polarisation of counterpropagating waves8 

Redprocity was defined in section 3.1 as: in a reciprocal medium the mode 
coupling from mode MA to mode MB is the same as the mode coupling from mode 
MB to mode MA in the reverse direction. In this subsection, reciprocity will be 
considered for polarisation modes. Consistent definitions are given for identical 
and orthogonal states of polarisation for counterpropagating waves, both in Jones 
and Stokes calculus. Moreover, the polarisation behaviour of some mirror 
configurations is considered. The results will be used in subsection 3.2.3 and 
sections 3. 3 and 3 .4. 

Jones calculus 

For the backward propagating wave we use also the definition of equation (1) for 
the Jones vector9• For a reciprocal system the Jones matrix is the transpose of the 
matrix for the forward direction [3. 9]. 

8The major part of this subsection was also published in 
M.O. van Deventer, 'Preservation of polarisation orthogonality of counterpropagating waves 
through dichroic birefringent optica! media: proof and application,' Electronics Letters, 
vol.27, no.l7, pp.l538-1539, 1991. 

9When thc direction of propagation of light is altered by a medium, a new orthonormal 
coordinate base ê;,êY A for the polarisation must be defined, where êz. is the new direction 
of propagation. It is customary that this new base is again "righthanded" i.e. êz= ê, x êy and 
êz' · x êY. , where "x" is the outer product of two veetors [3.9]. However, this custom leads 
to an ambiguity for counterpropagating input and output wave (ê,·=-êJ. We could have 
chosen (ê,.,êY',êz)=(-ê,,êY'-êz), or (ê"-êY'-ê.), or (êy,êxo-êz), etcetera. Using equation (1) tor 
both forward and backward propagating waves implies that we choose (ê,.,êY )=(ê"êY,-ê.). 
Although this base is "lefthanded", it is the most elegant choice and gets around the 
ambiguity. 
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Suppose 

(21) 

then 

(22) 

This can be interpreted physically that for each input and output polarisation mode 
the attenuation and phase (delay) are equal in both directions. 

The Jones matrices of some reflectors (see Fig. 3.5) are 

M =(1 0

1
) for an normal mirror mir O 

Mloop =(1 0
) for a loop mirror 

0 -1 
Mopr =M~mi,Mfr 

=[~J2 -~J2](1 OJ[~J2 -~J2] !..J2 !..J2 0 1 !..J2 !..J2 
2 2 2 2 

=(~ ~~) 
for an orthogonal polarisation reflector 

(23) 

Here Mr, is the Jones matrix of the nonreciprocal 45° Faraday rotator. From 
matrix Mopr we can see that an OPR (orthogonal polarisation reflector) is 
nonreciprocal, since Mop,#M~pr• so an OPR should contain at least one 
nonreciprocal element. A mirror is reciprocal when M=MT. Fig. 3.5 also shows 
an alternative OPR using a nonreciprocal 90" Faraday rotator and a half wave 
plate (with its fast axis at oo, i.e. horizontal) in a loop-mirror configuration. The 
effect of the three types of reflectors on the state of polarisation is sketched 
schematically in Fig. 3.6. 
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al b) c) 

Fig. 3.5 Different mirror configurations: a) normal mirror, b) Joop reflector, c) orthogonal 
polarisation reflector (OPR) with 45• Faraday rotator, d) alternative OPR. 

bi 

VJ71 

Fig. 3.6 Schematic sketch of the effects of the three types of reflectors on the state of 
polarisation. The arrows represent the electric field (E-field) at a eertarn point in 
time. The thick arrow represents a Jinear vertical input state of polarisation,the thin 
arrow represents a linear horizontal input state of polarisation. a) The normal 
mirror leaves theE-field unchanged. b) The loop mirror induces a 180° phase shift 
between the horizontal and vertical components of the E-field. c) The OPR rotates 
the E-field by 90°. 
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The definitions of identical or orthogonal states of polarisation I;, and Eq of copro
pagating waves are well known. 

EP =c.Eq identical polarisation 

E: E; =0 orthogonal polarisation 

Herecis some complex constant. 

For counterpropagating waves the definitions are 

Er =c.Ej identical polarisation 

ErT E1=0 orthogonal polarisation 

(24) 

(25) 

The complex conjugation in equation (25) can be physically interpreted as the 
reversion of the handedness of the vibrational ellipse. The handedness of the state 
of polarisation (left or righthanded) is defined with respect to the direction of 
propagation. So the states of polarisation of two counterpropagating waves are 
identical by definition, when both the handedness of the two states of polarisation 
are identical and the shape and orientation of the vibrational ellipse are the 
identical. 

lt is not too difficult to show that these definitions are consistent with the principle 
of redprocity. First we send light from point PA (input) with a specific state of 
polarisation E. = IE. Ie. through a linear redprocal medium with Jones matrix M, 
and we calculate the received amplitude in some other specific state of polarisation 
Ct, at point PB (output). 

Transmission forward =(M eal(e,)* 
T T * =eaM eb 

(26) 

The result is a complex number, the amplitude and phase of which is the 
attenuation and phase lag from point PA to PB. Now we repeat this procedure in 
the backward direction. We send light from point PB (now input) with the same 
state of polarisation (e~ by definition) in the backward direction through the same 
linear reciprocal medium (Jones matrix MT by definition), and we calculate the 
received amplitude in the same state of polarisation (e: by definition) at point PA 
(now output). The result is 
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Transmission back.ward =(Mre;)r(e;)* 
•T 

=eb Mea 
T T • =eaM eb 
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(27) 

This is the same result as equation (26). We have thus proven, that the trans
mission between two specific states of polarisation is the same in both directions 
for all states of polarisation, and so the definitions are consistent with the principle 
of reciprocity. This result will be nsed later in sections 5.2 and 5.3 in the analysis 
of polarisation handling of bidirectional transmission systems. 

Using definition (25) we see that the orthogonal polarisation reflector does indeed 
reflect an orthogonally polarised wave. 

(28) 

We can also see that a mirror does not reflect the identical polarisation because it 
reverses the orientation of the state of polarisation (righthanded into lefthanded and 
vice versa). Actually, such an "identical polarisation reflector" cannot exist within 
this model, because there is no linear matrix that changes a vector into its complex 
conjugate. For the same reason an "orthogonal polarisation converter" (a linear 
time-independent system with separate input and output ports of which the output 
signal has a polarisation state orthogonal to that of the input signal) cannot exist. 
Notice that the processes of Rayleigh backscattering and Brillouin scattering 
actually act as identical polarisation reflectors. However, the former process 
reduces the degree of polarisation, whereas the latter process is a nonlinear process 
(see subsections 3.3.2 and 3.4.2 respectively). 

Stokes calculus 

The definition of the Stokes vector of equation (8) can be directly adopted for a 
backward propagating wave. Two states of polarisation are identical when the 
Stokes veetors are the same, both for co- and counterpropagating waves. As for 
the handedness, the state of polarisation is lefthanded with respect to the direction 
of propagation, when the s3 component is positive. 

For a redprocal system the Mueller matrix is the transpose of the matrix for the 
forward direction, similar to the Jones calculus. 
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(29) 

When there is no polarisation-dependent loss, and ignoring attenuation, then 
MIM;=I, so MI=Ms1

• This can be interpreted physically that when in the forward 
direction a state of polarisation A is converted into state of polarisation B, then in 
the backward direction the state of polarisation B is converted back into state of 
polarisation A. Note that this is only true for media that have no polarisation
dependent loss. 

The Mueller matrices of some reflectors are 

1 0 0 0 

0 1 0 0 
M . = for a normal mirror 

"
11'0010 

0 0 0 -1 
1 0 0 0 

0 1 0 0 
M = for a loop mirror 

loop 0 0 -1 0 

0 0 0 1 
1 0 0 0 

0 -1 0 0 
Mopr= 

0 0 -1 0 

0 0 0 -1 
for an orthogonal polarisation reflector 

(30) 

From equation (30) we see that a normal mirror changes the handedness of the 
state of polarisation, as the S3 component is inverted. A loop mirror converts P 
into Q polarisation and vice versa. And an orthogonal polarisation reflector reflects 
the orthogonal state of polarisation. Whereas the determinant of the Mueller matrix 
is positive for propagation in one direction, it is negative for a reflector. The 
origin of this negative determinant is that the handedness of the coordinate base, 
which is reversed for backward propagation, see also footnote 9

• 

The conversion of a Jones vector into a Stokes vector is different for forward and 
backward propagating waves, since for the backward propagating wave the 
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complex conjugate of the Jones vector should be used. So for a backward 
propagating wave equation (14) becomes 

S0 =le;l+le:l 
S1=le;1-1e;1 
S2 =2·RE(ex* e) = 2·RE(exey*) 

S3=21M(ex*e)=-21M(exey*) 

(31) 

Using this equation, the definitions for identical states of polarisation of 
counterpropagating waves are the same for Jones calculus (equation (25)) and 
Stokes calculus. 

3.2.3 Preservalion of orthogonality at counterpropagation10 

In this subsection we shall prove, both theoretically using Jones calculus and 
experimentally, that polarisation orthogonality of counterpropagating waves is 
preserved in any linear redprocal medium, even in the presence of polarisation
dependent loss. This result will be used later in section 5.2 in the evaluation of 
bidirectional common polarisation-control systems. 

Theory 

For copropagating waves it is well known that polarisation orthogonality is only 
preserved in linear redprocal systems, when there is no polarisation-dependent loss 
[3.14]. The proof of this property is in short as follows. When there is no 
polarisation-dependent loss, this means that the eigenvalnes of the Jones matrix M 
of the system have the same magnitude, and that (ignoring normal attenuation) M 
is an unitary matrix (see also equation (6)). So if two waves have orthogonal states 
of polarisation at the input: E~E:=o, then they are also orthogonal at the output: 
(M Ep)T(M Eq)*=E~ MTM* E:=E~E;=o. This is no more true when there is polar-

10yhe major part of this subsection was publisbed in 
M.O. van Deventer, 'Preservation of polarisation ortbogonality of counterpropagating 

waves tbrough dichroic birefringent optica! media: proof and application,' Electronics 
Letters, vol.27, no.l7, pp.l538-l539, 1991, and in 

M.O. van Deventer, 'Preservation of polarisation ortbogonality of counterpropagating 
waves tbrough dicbroic birefringent optica! media: experiments,' IEEE Pbotonics 
Tecbnology Letters, vol.4, no.6, pp.636-638, 1992. 
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isation-dependent loss. In the extreme case, a perfect polariser, the output state of 
polarisation is the same for any input state of polarisation. We shall now prove 
that the polarisation orthogonality of counterpropagating waves is preserved in any 
linear redprocal system. We start with two orthogonal counterpropagating waves 
at the left side of a linear system of Fig. 3.7. 

(32) 

We find that at the other side the two counterpropagating waves are indeed also 
orthogonal for any M. 

(33) 

Linear rec:iprocal system 

-M-
-MT-

Fig. 3. 7 Preservation of polarisation orthogonality of counterpropagating waves in any linear 
reciprocal system. 

In a linear redprocal system with an OPR the Jones vector of the reverse 
propagating wave is 

(34) 

We see that the system with the OPR behaves like the OPR itself. All polarisation
dependent loss and birefringence of the system are exactly compensated for 
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("unwound") by the reverse transmtsston. The attenuation and phase shift 
experienced by the light is given by the determinant of the Jones matrix. 

Experiment 

The experimental set up is shown in Fig. 3.8. Polarised light is coupled through a 
50150 coupter to the device under test (DUT). The other port of the DUT is 
coupled to an orthogonal polarisation reflector (OPR), which reflects light 
orthogonally polarised to the incoming light. After passing through the DUT, 
again, the reflected light is coupled by the 50/50 coupler into a polarisation 
analyser. 

As a light source, we used a DFB laser (Distributed Feedback Laser) emitting at 
1537 nm with 20 MHz linewidth and 0.8 dBm power coupled into the fibre. The 
OPR of our experiment was a Faraday Rotator Mirror (FRM: [3.15], [3.16], 
[3.17], [3.18]), made of a fibre-coupled graded index lens having -24 dB 
reflection, a Faraday rotator having 44 o ± 0.3 o rotation, and a gold-coated 
mirror. The reflection of the OPR is about -0.3 dB (93%). One device under test 
was a coupler with a polarisation-dependent coupling ratio, of which only one 
input and one output port were used. The minimum and maximum insection loss 
were 1.9 dB and 5.3 dB, respectively. The other device under test was a fibre 
Mach-Zehnder interferometer, made of two 50/50 couplers connected by a 4 m 
fibre for both paths. As the retardation of the two paths is different (two different 
fibres), the transmission from one input port to one output port depends on the 
input state of polarisation. We varied the retardation of both paths randomly by 
moving the two fibres, so that the interferometer had a fluctuating transmission 
and a fluctuating polarisation-dependent loss, because of constructive and destruc
tive interference. Reflections at open ports of all 50/50 couplers and the coupter 
were eliminated by making smali-radius coils in the fibre. 
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Fig. 3.8 Experimental set up. a) Conneering the DFB directly to the polarisation analyser. b) 
Test with a polarisation-dependent coupter and the OPR. c) Test with a birefringent 
Mach-Zehnder interferometer and the OPR. The large arrow indicates where 
polarisation fluctuations are induced at the fibre. 

The state of polarisation of the reflected light was analysed using a fast complete 
polarisation analyser [3 .19], which can be used to measure the Stokes parameters 
of the incoming light, see Fig. 3.9. This analyser comprises two beam splitters, a 
Wollaston prism, two analysers, a quarter-wave plate and four detectors. Part of 
the light is guided through the Wollaston prism to detectors DO and Dl, which 
measure the horizontal and vertical component of the incoming light, respectively. 
The sum of the two detector outputs is proportional to the intensity of the 
incoming light. Part of the light is guided through an analyser at 45 ° to detector 
D2. Part of the light is guided through the quarter-wave plate at oo and an 
analyser at 45° to detector D3. 
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The detector output voltages were displayed on an oscilloscope using four x-y 
tracer beams: UO-Ul, UO-U3, U2-Ul, and U2-U3, as shown in Fig. 3.9. For 
constant input intensity, the UO-Ul trace is a line as UO+Ul is constant. In this 
case the traces UO-U3, U2-U3 and U2-Ul can be interpreted as two side views 
and a top view of the Poincaré sphere [3.1]. For example, for vertically polarised 
light UO is zero, Ul is at maximum and U2 and U3 are halfway maximum. For 
linearly polarised light at -45 o or +45 o, U2 is zero and at maximum respectively, 
whereas UO, Ul, and U3 are all halfway maximum. For lefthanded or righthanded 
circularly polarised light U3 is zero and at maximum, whereas UO, Ul, and U2 
are all halfway maximum. For varying intensity, but constant state of polarisation 
the ratios between UO, Ul, U2, and U3 remain constant. 

~u3 

1~ H~ TO Uo 

Fibre 
pigtail 

1~u1 
Uz Uo 

~u2 

Fig. 3.9 Four detector fast complete polarisation analyser. W = Wollaston prism at o•, QO• 
Quarter-wave plate at o•, A45• = Analyserat 45•. 

The 50/50 coupler, connecting source, the device under test and analyser, were 
polarisation independent. However, any polarisation dependenee would not 
influence our results, as we only testeä whether the state of polarisation of the 
reflected light remained constant and we did not compare it in absolute sense with 
the state of polarisation of the incoming light. 

Results 

Firstly, we tested the polarisation analyser by connecting it directly to the light 
souree (Fig. 3.8a). We induced manually large random polarisation fluctuations at 
the input fibre by moving it randomly and obtained an image of the Poincaré 
sphere, as in Fig. 3 .lOa. Secondly, we connected the polarisation-dependent 
coupter and the OPR in the set up of Fig. 3.8b. We induced polarisation 
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fluctuations between the 50/50 coupter and the polarisation-dependent coupler, and 
between the polarisation-dependent coupler and the OPR. The reflected state of 
polarisation and intensity remained almost constant, as predicted earlier in this 
subsection [3.17], see Fig. 3.10b. We observed some very small fluctuations, 
which can be attributed to the spurious reflection at the PC-super-PC connector of 
the 50/50 coupler (-30 dB) and the OPR GRIN-lens (-24 dB). Thirdly, we 
connected the fibre Mach-Zehnder interferometer and varied the state of 
polarisation at one of the arms. Now the output intensity varied because of varying 
polarisation-dependent loss and interference in the interf erometer. But again the 
reflected state of polarisation remained constant, see Fig. 3.10c. 
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Fig. 3.10 Polarisation analyser output fora) randomly tluctuating input polarisation state, b) 
set up with polarisation-dependent coupter and OPR, and c) set up with fibre Mach
Zehnder and OPR. The results shown in a), b), and c) correspond with the three 
set ups of Fig. 3.8. 
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Condusion 

We have proved analytically that the orthogonality of counterpropagating waves is 
preserved in any linear reciprocal system, even when it has polarisation-dependent 
loss. We have confirmed this experimentally using a polarisation-dependent 
coupler and a birefringent Mach-Zehnder interferometer in a reflective set up using 
an orthogonal-polarisation reflector and a complete polarisation analyser. 

3.3 Rayleigh backscattering 

A fundamental effect observed in optical fibres is Rayleigh backscattering: light 
bonnces off microscopie defects in the amorphous structure of the glass. These 
defects (much smaller than the wavelength of the light) scatter the light and give 
rise to attenuation. Some of the scattered light returns along the fibre. The light 
scattered from a larger distance along the optical fibre contributes less to the total 
amount of retuming light than scattering near the fibre input, because of 
attenuation in the fibre. The backscattered light can be used for measuring 
attenuation and fault-location with an OTDR (Optical Time Domain 
Reflectometer). However, in bidirectional systems it induces crosstalk between two 
counterpropagating waves, and Rayleigh backscattering may be considered as a 
"background level" of reflection of an optical fibre. 

Recent studies investigated laser diodes exposed to Rayleigh backscattering [3.20], 
multiple Rayleigh backscattering [3.21], Rayleigh backscattering in optical fibre 
amplifiers [3.22], double Rayleigh backscattering in optical amplifiers [3.23], 
Rayleigh backscattering crosstalk in bidirectional direct-detection systems [3.24] 
and coherent systems [3.25], statistkal properties [3.26] and speetral properties of 
Rayleigh backscattering [3.27], and Rayleigh backscattering in fibre gymscopes 
[3 .28]. The effect of Rayleigh backscattering depends on its state and degree of 
polarisation. In the aforesaid references the degree of polarisation of Rayleigh 
backscattering is assumed to be anywhere between 0% and 100% , or is just not 
mentioned at all. Other studies consider polarisation properties of Rayleigh 
backscattering, but only for short pulses in optical time domain reflectometry 
[3.29], [3.30]. 

The purpose of this section is to investigate the polarisation properties of Rayleigh 
backscattering in single-mode fibres for a continuons-wave (CW) probe signal 
using Stokes calculus. The results will be used later in chapter 4 in the evaluation 
of the crosstalk from Rayleigh backscattering. 
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This section is structured as follows. Subsection 3.3.1 considers the magnitude of 
Rayleigh backscattering in standard single-mode fibres. Subsection 3.3.2 analyses 
the polarisation properties of Rayleigh backscattering theoretically, and gives an 
experimental confirmation. 

3.3.1 Magnitude of Rayleigh backscattering11 

Consider a uniformly backscattering fibre of length L. After being coupled into the 
input of the fibre, a unit energy optical impulse of power o(t) propagates in the 
forward direction. Notice that in this section only light intensities are used, 
because the different contributions to the Rayleigh backscattering add incoherently. 
The power propagating in the reverse direction, prior to being coupled out at the 
same input end, is the backscattered impulse response power 

h(t) { b

0

e -uv; for O~t~ ~, 
otherwise. 

(35) 

Here t is the round-trip transit time of the light out to a point (z=vg ·1/zt) along the 
fibre and back. The fibre parameters above are 
a = attenuation coefficient12 (kilometer1), 

vg group velocity (kilometer I second), 
c/ng, where c = 2.998 x 105 km/s, 

ng group index (dimensionless), 
b backscatter parameter (Watt I Joule) (=s-1), 

(vgi2)/3,F, 
/3, scattering coefficient (kilometer1), 

F backscatter capture fraction ( dimensionless). 

All these parameters are taken to be essentially uniform along the fibre. They 
depend on fibre type and on wavelength. The parameter b at a point along the 

11The contents of this subsection is from 
F.P. Kapron, B.P. Adams, E.A. Thomas, J.W. Peters, 'Fiber-optie reflection measurements 
using OCWR and OTDR techniques,' Joumal of Lightwave Technology, vol.7, no.S, 
pp.l234-1241, 1989. 

12The attenuation coefficient is quite often expressed in dB/km. Taking a.' as the 
attenuation coefficient in dB/kilometer, then the relation between a.' and a. is: a.' = lOa. 
log10e ::::: 4.343 a.. 
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fibre [3.31] is the backscattered propagating power corresponding toa unit incident 
energy. The parameter F is the fraction of the scattered power that is captured as 
backward propagating power. It depends on other standard fibre parameters such 
as the mode-field diameter. 

For an input power signal p(t), the backscattered response at the input end is the 
convolution with the impulse response of (35): 

r(t) = J h{-r: )p(t-1: )d1: 

21.1v
8 

(36) 

=b e 8 p(t-1: )d1: f -t.tV"t 

0 

This assumes that p(t) bas a duration long enough, so that putse broadening due to 
fibre dispersion is negligible. We can now apply this result to the situation of an 
optical continuons wave. The input power is a steady value p(t)=p0• Substituting 
this into (36) yields the continuons response r(t) =r0 that depends on the fibre type 
and length: 

r (L)=p bnr(l-e -2«L) 
0 0 <XC 

(37) 

The result of equation (37) is shown in Fig. 3.11 for two different wavelengths: 
1300 and 1550 nm. 

For short fibre lengths, the backscatter fraction is linearly proportional to the fibre 
length. 

r
0
(L) 2Lbn 

B(L)=--"'--g for L<a-• 
Po c 

(38) 

At a wavelength of 1550 nm, the backscatter fraction of 1 km fibre equals toabout 
-40 dB/km. The backscatter fraction saturates at long lengths, due to the 
attenuation of the more distant scattering contributions, to the value 
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B(oo)=ro(oo)"' bng for L>a.-1 
Po a.c 
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Fig. 3.11 Accumulated Rayleigh backscattering as a function of fibre length for two 
wavelengths. 
Parameters at 1300 nm: b=5 WIJ, n,= 1.47, and a'=0.5 dB/km 12 • 

Parameters at 1550 nm: b=lO WIJ, ng=l.47, and a'=0.2 dB/km11
• 
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(39) 

This backscatter fraction equals approximately -32 dB for a single-mode fibre at 
1550 nm. This level can be used as a reference when specifying the reflection of a 
connector or splice. In general, it does not make much sense to set the 
specification much sharper than the background level of the Rayleigh 
backscattering, as then the connector reflection is relatively negligible. In sections 
4.2 and 4.3 the effect of single reflections and Rayleigh backscattering on 
bidirectional transmission will be studied. 
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3.3.2 Polarisation properties of Rayleigh backscattering 13 

In literature the degree of polarisation of Rayleigh backscattering is often assumed 
to be anywhere between 0% and 100% (e.g. [3.27]), or it is just not mentioned at 
all. Some studies consider polarisation properties of Rayleigh backscattering, but 
only for short pulses in optical time domain reflectometry [3.29], [3.30]. The 
degree of polarisation of Rayleigh backscattering is important in calculating the 
crosstalk between counterpropagating signals, both in direct-detection systems 
(section 4.2) and coherent detection (section 4.3). Therefore the polarisation 
properties of Rayleigh backscattering in standard (low birefringent) single-mode 
fibres are investigated for a continuoos-wave (CW) probe signa! in this subsection. 

Theory 

We shall use Stokes calculus (see section 3.2) to analyse the polarisation properties 
of Rayleigh backscattering. Assuming there is neither polarisation-dependent loss 
nor depolarisation, and ignoring attenuation, the propagation through a piece of 
fibre is given by the real orthogonal Mueller matrix 

1 0 0 0 

0 ml mz m3 
M= with MT=M-1 (40) 

I 0 m4 ms m6 

0 m7 ms m9 

Since the optical fibre is reciprocal, the Mueller matrix for backward propagation 
is the transpose of the Mueller matrix for forward propagation. Using the Mueller 
matrix given in equation (30) for a normal reflection, the matrix for the round trip 
fibre-reflection-fibre is the product of the different matrices 

13This subsection was also publisbed in 
M. Oskar van Deventer, 'Polarization properties of Rayleigh backscattering in single-mode 
fibers,' Joumal of Lightwave Technology, vol.ll, no.l2, pp.l895-1899, 1993 
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0 2 
(41) "'-7 m-,ms m7m9 

=1-2 2 0 m1m8 ma mam9 

0 2 
m7m9 msm9 m9 

Here I is the identity matrix. 

Rayleigh backscattering is modelled as many small reflections ("scatter sections") 
distributed over the fibre [3.29], [3.30]. When two beams are added incoherently, 
their Stokes parameters are additive [3.13]. So for more than one reflection, the 
resulting Mueller matrix is the sum of the individual matrices. For Rayleigh 
backscattering the sum (or average, expectation, integral) of the matrix( es) is to be 
used. 

Mrb = :E (Mrt(z)e -za.') (42) 
scattersectîODS 

Here the term e-2"' is the attenuation from the fibre input to the scatter section and 
back again. Equation (42) can also be read, that Mm is the expection of M,1 over 
the effective fibre length (Lerr=(l-e"L)/a). We made the assumption that the 
effective fibre length is much larger than the souree coherence length (incoherent 
addition). We shall not discuss the case of time-resolved measurements (OTDR), 
where the effective length is the pulse length, which can be smaller than the souree 
coherence length. 

We shall consider three cases: fibres without, with high, and with low bire
fringence. The first two cases serve as an introduetion to the third case. 
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a) No birefringence. The Mueller matrix of a fibre with absolutely no 
birefringence is the identity matrix 

1 0 0 0 

0 1 0 0 (43) 
Mf,nobi= 

0 0 1 0 

0 0 0 1 

lnserting this in ( 41) we find 

1 0 0 0 

0 1 0 0 (44) 
Mrb,nobi= 

0 0 1 0 

0 0 0 -1 

As we would expect, this is the same matrix as fora single reflection: The state of 
polarisation and degree of polarisation of the backscattered light is the same as the 
incoming, only the handedness of the state of polarisation is reversed. 

b) High birefringence. The Mueller matrix of a highly birefringent (hibi) fibre, 
with its fast axis orientated vertically, is 

1 0 0 0 

0 1 0 0 (45) 
Mt,hibi= O 0 COS lp sin«p 

0 0 -sin«p COS lp 

Here cp is the optical phase difference between the fast and slow axis of the hibi
fibre, which increases linearly with length. Por a single retlection in the hibi fibre, 
the roundtrip Mueller matrix becomes 
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0 0 0 0 

0 0 0 0 
(46) 

Mrt,hibi=l-2 
0 0 sin2q> -sinq>cosq> 

0 0 -sinq>cosq> cos2q> 

For an effective fibre length much larger than the polarisation beatlength (typically 
only several mm for hibi fibre), the Mueller matrixes for the backscattered light 
(equation (46)) may be averaged over all possible tp: 

1 0 0 0 

0 1 0 0 (47) 
Mrb,hihi= 

0 0 0 0 

0 0 0 0 

In (47) we see that only for a linear horizontally or vertically polarised input state 
of polarisation (S2 =S3 =0), the state of polarisation and the degree of polarisation 
remain unchanged after backscattering. This is not surprising, since a hibi fibre is 
usually used as a polarisation-maintaining fibre. For other input states of 
polarisation depolarisation will occur, i.e. the state of polarisation is no longer 
maintained. When both hibi-fibre axes are excited equally (S1 =0) the backscattered 
light is completely depolarised (DOP=O%). 

c) Low birefringence. The state of polarisation evolution over standard low
birefringent fibre is often modelled as a three-dimensional Brownian motion [3.8]. 
There are three dimensions: two that define the axis of rotation over the Poincaré 
sphere, and a third that gives the amount of rotation. The three-dimensional 
Brownian motion can be considered the random tumbling of the Poincaré sphere, 
when following some states of polarisation along the fibre. In this model the fibre 
is considered as many short pieces of fibre with some random birefringence. When 
following the state of polarisation along the fibre, it makes a Brownian random 
walk over the Poincaré sphere. This Brownian motion can be characterised by the 
polarisation "diffusion length". For short fibre lengths (much shorter than this 
polarisation diffusion length) the state of polarisation is approximately constant 
over the fibre length. When the effective fibre length is much larger than the 
polarisation diffusion length, then the state of polarisation is uniformly distributed 
over the Poincaré sphere. In that case, the Mueller matrices of the fibre sections 
are random orthogonal matrices of the type of equation (40). All the matrix 
elements mi (j =I ,2, ... ,9) have the same unconditional probability density function, 
because of the symmetry of the problem: when the input state of polarisation is 
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changed the probability density ftmction of the state of polarisation along the fibre 
remaîns unchanged, viz. uniformly distributed. Actually, the unconditional 
probability density function of each of the matrix elements is uniform over the 
interval [- 1, 1], which follows from the uniform distri bution of the state of 
polarîsation over the Poincaré sphere [3.32]. Any pair of matrix elements (m;,~) 
with i is ortogonal (E(m;.mi)=O), because of the symmetry of the problem: the 
occurrence of (m;,mi) is justas likely as the occurrence of (m;,-mi), (-m;,-mi), or 
(-m;,mj). As all matrix elements have the same probability density function, they 
have the same variance. From M}Mf=I it follows that m}+m~+m~ 1, 
mi+m;+mi=l, and m~+mi+~=l, so the varianee of each of the matrix 
elements is E(mD=lfa. So we have found, that the expectation of the product of 
two matrix coefficîents is 

E(m .. m)~!. 
I 3 

i=j (48) 
0 i<Fj 

We find 

1 0 0 0 

0 I 0 0 
3 

MrbJobi=E(MrtJob) = 0 0 0 
(49) 

0 0 0 !.. 
3 

In (49) we see that the backscattered state of polarisation is identical to the input 
state of polarisation, and that the degree of polarisation is divided by 3 by the 
backscatter operation. For completely polarised input light (DOP= 100%) the 
degree of polarisation of the backscatter is 1fs (33%). After double backscattering 
([3.21], [3.22]) the degree of polarisation will be 1/9 (11% ). 

The fact that backscattered and input state of polarisation are identical may look 
surprising, since it was theoretically proven in subsection 3.2.2 (also [3.17]), that 
an "identical polarisation reflector" can not exist. However in subsection 3.2.2 
only fully polarised waves were considered. From Brinkmeyer [3.29] we adopt the 
following argument: "when linearly polarised light is reflected it returns wîth the 
same state of polarisation, when circularly polarised light is reflected it returns 
with the orthogonal state of polarisation. The first event is more likely than the 
second event, as on the Poincaré sphere the light is more likely to traverse the 
equator than to hit one of the poles. Therefore it is the most likely that the state of 
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polarisation of the retuming light is about the same as the state of polarisation of 
the input." So at average most of the light will be backscattered with about the 
same state of polarisation as the input light and the state of polarisation of the 
Rayleigh backscattering is the same as the state of polarisation of the input light. 

In the derivation of (49), critical assumptions have been made on the effective 
fibre length, the polarisation-diffusion length and the souree caberenee length, 
namely that the former is much larger than the latter two. In the following part we 
shall try to confirm ( 49) experimentally, and to test the validity of the critical 
assumptions in practical situations. 

Experimental set up 

The experimental set up consists of an Erbium Doped Fibre Amplifier (EDFA), 
used as a low coherence spontaneons emission source, a DBR laser source, a 
polariser, a coupler, three fibre-coil polarisation controllers (POLC), an ortho
gonal-polarisation reflector (OPR, the same one as in subsection 3.2.3), a long 
piece of fibre (spool) and a lightwave polarisation analyser, see Fig. 3.12. The 
purpose of the polarisation controllers is to test the effect of changing the state of 
polarisation at different places in the set ups. The purpose of the OPR is totest the 
state of polarisation of the Rayleigh backscattered light. 

The coherence length of the EDFA is 0.34 mm in fibre material (À=1532.5 nm, 
linewidth of the amplified spontaneons emission of the EDFA AÀ=4.8 nm 
FWHM, refractive index of 1.46). The caberenee length of the DBR is 98 m in 
fibre material (À=1536.8 nm, Av=2.1 MHz FWHM). The light is coupled via a 
polariser (extinction ratio > 50 dB), POLC A, the coupler and POLC B to the 
fibre. The fibre length is lfibre = 12.7 km. The backscattered light is coupled via 
POLC B, the coupler and POLC C to the polarisation analyser. The polarisation 
dependenee of the coupler and the polarisation controllers is less than 0.1 and 
0.05 dB respectively. This can result in a polarisation-dependent varlation in the 
degree of polarisation of at most ±2%. The conneetion from the coupter to the 
fibre with POLC B was fusion spliced, and small loops were made in the unused 
endsof the fibre and the coupler, to eliminate single reflections. The measurernent 
uncertainty of the polarisation analyser is ±0.5° for state of polarisation and 
±0.8% for degree of polarisation. The polarisation mode dispersion (PMD) of the 
fibre was measured with an extemal cavity laser and the polarisation analyser. The 
PMD was 0.13-0.15 ps for the used wavelengths, see Fig. 3.13. From this, a 
polarisation diffusion length of about 0.47 km Or.breÀ I c·PMD) can be derived. 
By the way, a more direct way of determining the polarisation diffusion length is 
by using length resolved measurements, like polarisation OTDR [3.29]. However, 
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with the model of [3.8] it is shown theoretically, that these two methods are 
equivalent. 

al 

Mirror 

Souree Polariser POLC A POLC B 

bl 

cl 

Polarisation 
Analyzer 

Polarisation 
Analyzer 

Fiber spool 
I 

Fig. 3.12 Set up for testing the state and degree of polarisation of Rayleigh backscattered 
light. a) Connectîng the souree directly to polarisation analyser. b) Set up with 
single reflection. c) Set up with Rayleigh backscattering. In this last set up, the 
fibre end of the spoot îs either terminated or connected to the orthogonal
polarisation reflector (OPR) via an optica! attenuator (Att). 
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Fig. 3 .13 Polarisation mode dispersion of the 12.7 km fibre spool. 
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In a first experiment we connected the EDFA plus polariser and one POLC 
directly to the polarisation analyser (Fig. 3.12a) and adjusted the POLC randomly. 
We found the output state of polarisation move randomly over the Poincaré sphere, 
see Fig. 3 .14a, whereas the degree of polarisation remained at a constant 100%. 

In a second experiment we used the set up as in Fig. 3.12b, using an open fibre 
end as mirror (4% reflection). When POLC B was adjusted randomly, the state of 
polarisation moved over the Poincaré sphere. In this case however that movement 
was not completely random, the state of polarisation showed a preferenee for one 
side of the sphere, and one particular point was crossed many times, see Fig. 
3.14b. For this point, the state of polarisation at the reflection is linear and the 
input state of polarisation is equal to the output state of polarisation, as in the 
argument of Brinkmeyer [3.29]. 

In a third experiment we used the Rayleigh backscattering of the 12.7 km fibre 
(Fig. 3.12c). When POLC B was adjusted randomly, the state of polarisation 
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remained almost constant, as predicted. Actually the state of polarisation moved 
within a circle wîth a 5° diameter, see Fig. 3.14c. When POLC A or POLC C 
were adjusted the state of polarisation varied in a way similar to Fig. 3 .14a. The 
degree of polarisation was found to be near 33%, as predicted. Fig. 3.15a shows 
that the degree of polarisation remains between 30% and 35% when POLC B, A 
and C are adjusted randomly. 

Fig. 3.14 a The measured state of polarisation displayed on the Poincaré sphere. 
EDFA souree connected to the polarisation analyser directly, adjusting POLC 
A. 
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Fig. 3.14 b The measured state of polarisation displayed on the Poincaré sphere. 
EDFA souree with single reflection, adjusting POLC B. 
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Fig. 3.14c 
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The measured state of polarisation displayed on the Poincaré sphere. 
EDFA souree with Rayleigh backscattering, adjusting POLC B. 
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Fig. 3.14 d The measured state of polarisation displayed on the Poincaré sphere. 
EDFA souree with Rayleigh backscattering and OPR, adjusting the attenuator. 
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Fig. 3.14 e 
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The measured state of polarisation displayed on the Poincaré sphere. 
DBR souree with Rayleigh backscattering, free running. 
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In a fourth experiment we connected the OPR to the fibre spool and varied the 
attenuation between the two (Set up of Fig. 3.12c). For high attenuation 
(dorninating influence of the Rayleigh backscattering) the state of polarisation was 
at one side of the Poincaré sphere. For low attenuation (dominating influence of 
the OPR) the state of polarisation was exactly at the opposite side of the sphere. 
As we know that an OPR reflects the orthogonal state of polarisation, we have 
thus dernonstrated that Rayleigh backscattering· behaves as an identical polarisation 
reflector. 

In a fifth experiment we used the DBR souree instead of the EDFA source. Now 
the state of polarisation fluctuated continuously within a circle with 15° diameter, 
see Fig. 3.14e. Adjusting POLC B had no influence on the state of polarisation. 
The degree of polarisation, again near 33%, fluctuated continuously as well, see 
Fig. 3.15b. When POLC B was rnoved rapidly we saw the speed of the fluctua
tions increase, dernonstraling that the speed of rneasurernent was not a limiting 
factor. 
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Fig. 3.15 The measured degree ofpolarisation ofthe backscattered light. 
a) EDFA source, adjusting POLC B, C and A. 
b) DBR source, free running or adjusting POLC B. 
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Discussion 

A first critical assumption in the derivation of (49) was that the states of 
polarisation over the effective fibre length are uniformly distributed over the 
Poincaré sphere. In our experiments the fibre length (12.7 km) is much larger than 
the polarisation diffusion length (0.47 km), and the experiments agree very well 
with the prediction by (49): the Rayleigh backscattering has a constant state of 
polarisation and a degree of polarisation near 33%. Actually the small variations in 
the state of polarisation and degree of polarisation (Fig. 3.14c and 3.15a), when 
adjusting POLC B, might be explained by a state of polarisation distribution that is 
almost, but not completely, uniformly distributed. 

In practical telecommunication systems the first assumption will be valid, since the 
polarisation diffusion length is typically several ten or hundred meter, whereas the 
absorption length of optical fibre is several kilometer and the total system length is 
often even much larger. 

A second critical assumption in the derivation of (49) was that the souree 
coherence length is much shorter than the effective fibre length. This was 
definitely true for the EDFA souree (coherence length: 0.34 mm), both state of 
polarisation and degree of polarisation remained constant when none of the POLCs 
were adjusted. For the DBR souree (coherence length: 98 m) the state of 
polarisation and degree of polarisation fluctuated continuously, though still around 
one state of polarisation and a degree of polarisation near 33%. Our conjecture is 
that this effect is caused by small thermal fluctuations, which change the optical 
phase between the different "scatter sections". We verified that the state of 
polarisation at the unused fibre end remained constant, so there are no thermally 
induced changes in the fibre PMD. We expect that, when using a completely 
coherent source, the degree of polarisation of the Rayleigh backscattering will be 
100% and that the state of polarisation will move randomly with time over the 
Poincaré sphere, the state of polarisation having a distribution according to the 
argument of Brinkmeyer [3 .29]. 

In practical telecommunication systems the second assumption will be valid, since 
the souree coherence length will always beshorter than hundred meter, because of 
intrinsic linewidth of the source, linewidth broadening by modolation sidebands 
and linewidth broadening by spurious frequency modolation (chirp), whereas the 
effective fibre length is several kilometer. 
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Conclusions 

The state of polarisation of Rayleigh-backscattered light in low birefringent fibre is 
identical to the state of polarisation of the incoming light, and does not lay 
arbitrarily on the Poincaré sphere. The degree of polarisation of Rayleigh back
scattered light is Ys of the degree of polarisation of the incoming light, and not just 
anywhere between 0% and 100% as often mentioned in literature. 

Two critical assumptions were made in the calculation: the effective fibre length 
must be much larger than the polarisation diffusion length and the souree coher
ence length. In practical telecommunication systems these assumptions will be 
valid. 

The experimental results confirm the calculations. Using a fully polarised incoher
ent source, the degree of polarisation of the Rayleigh-backscattered light was 33%, 
and the state of polarisation remained unchanged when the fibre was moved. 

3.4 Stimulated Brillouin scattering 

Stimulated Brillouin scattering (SBS) is a fundamental nonlinear process observed 
in optical fibres [3.33]. Light propagating at sufficiently high power through an 
optical fibre is backscattered at a shifted optical frequency, which is about 11 GHz 
lower (at 1550 nm) than the original optical frequency. At lower powers SBS 
causes interaction between counterpropagating waves that are about 11 GHz apart 
in optical frequency. 

SBS can cause sensitivity degradations in optical communication and sensor 
systems. SBS gives an upper limit to the transmitted power [3.34], depending on 
the speetral width of the optical signal [3.35]. SBS causes crosstalk in bidirectional 
systems [3.35], [3.36], [3.37]. On the other hand SBS can be used for optical 
channel selection [3.38], optical FSK (Frequency Shift Keying) demodulation 
[3.39], and for optical amplification [3.3], albeit with a very poor noise figure 
[3.40]. 

The purpose of this section is to investigate the polarisation properties of SBS in 
single-mode fibres. The results will be used in subsection 4.3.2, when considering 
the polarisation dependenee of the crosstalk caused by Brillouin scattering. This 
section is structured as follows. Subsection 3.4.1 considers the magnitude of SBS 
in standard single-mode fibres. Subsection 3.4.2 analyses the polarisation proper
ties of SBS theoretically, and gives an experimental confirmation. Notice that the 
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derivation of the polarisation properties of SBS is quite similar to that of Rayleigh 
backscattering (section 3.3). 

3.4.1 Magnitude of stimulated Brillouin scattering14 

This subsection treats the magnitude of SBS. First the SBS process will be 
explained qualitatively and quantitatively. Measurements are presented in a sub
sequent section. 

Tbeory 

The process of SBS can be described classically as a parametrie interaction of 
optica! waves and an acoustic wave, see Fig. 3.16. Two counterpropagating optica! 
waves with exactly the same optica! frequency produce a standing wave pattem in 
optica! fibre, see Fig. 3.16a. When the two frequencies are slightly different, the 
standing wave pattem will move slowly along the fibre. The speed of this 
movement depends on the frequency difference. For one specific frequency 
difference the standing wave pattem will move with the velocity of sound in the 
optica! fibre. In that case acoustic waves are generated efficiently through the 
process of electrostriction. These acoustic waves in turn cause a periadie 
modulation of the refractive index. Light is backscattered at this index grating 
through Bragg reflection, viz. from the higher frequency wave to the lower 
frequency wave. The higher frequency wave is usually called "pump-wave" and 
we shall call the lower frequency wave "probe wave" 15

• So the prohe-wave 
experiences gain, and the magnitude of this gain is determined by the power of the 
pump-wave. 

Even for low optica! powers and the absence of a probe wave there is interaction 
from the Brillouin process. Spontaneous acoustic waves (phonons) are generated 
thermally, which cause modulation of the refractive index. Photons are again back-

14]'his subsection is based on 
G.P. Agrawal, 'Nonlinear fiber opties,' chapter 9 'Stimulated Brillouin scattering,' 

Academie Press, Inc., London, 1989, and measurements publisbed in 
M.O. van Deventer, A.J. Boot, 'Polarization properties of stimulated Brillouin scattering 

in single-mode fibers,' Joumal of Lightwave Technology, vol.l2, no.4, pp.585-590, 1994. 

150ften "Stokes wave" is used for the downshifted backward SBS wave. We shall use 
"probe wave" to avoid confusion with "Stokes calculus", which refers to a polarisation 
calculus that uses Mueller matrices and is represented by the Poincaré sphere. 
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scattered through Bragg diffraction. The backscattered photons are 11 GHz down
shifted or upshifted16 in frequency, depending on the direction of the acoustic 
waves, because of the Doppier shift associated with a grating moving at the 
acoustic velocity, see Fig. 3.16b and 3.16c. For low pump powers the spectrum is 
symmetrical, since the spontaneons phonos have no preferred direction of 
propagation along the fibre, see Fig. 3.16d. For higher pump powers the 
spontaneons downshifted photons will act as probe power, and they are amplified 
by the SBS process, whereas the spontaneons upshifted photons are depleted by the 
same process. This results in an asymmetrical optical spectrum, see Fig. 3.16e. 

The frequency shift of SBS is given by [3.41] 

(50) 

where n is the refractive index, v. is the acoustic velocity and \ is the pump 
wavelength. The Doppier shift can be explained as follows. Assume light is 
coming from the right with a wavelength in fibre of \In, with n being the 
refractive index. Assume also a mirror, that is moving to the right with a speed v. 
meter per second. The distance, that the light has to travel from a certain point to 
the mirror and back to that certain point increases by 2nv.f\ wavelengtbs every 
second, which corresponds to a Doppier frequency downshift of 2nv.f\ Hertz. If 
we use v. =5.96 km/s and n= 1.45, the values appropriate for silica fibres, 
àf = 11.1 GHz at \ = 1550 nm. The speetral width of the Brillouin-gain spectrum 
is very small (several 10 MHz). The speetral width is related to the damping time 
of the acoustic waves or the pbonon life time T8 . The relation between the speetral 
width of the Brîllouin-gain spectrum and the damping time of the acoustic waves 
can be visualised physically as follows. The pump and probe wave inscribe a 
Bragg grating in the refractive index of the fibre through the acoustic wave. As the 
acoustic wave decays, the Bragg grating decays. The effective lengthof this Bragg 
grating is the speed of light in the fibre times the decay time T 8 of the acoustic 
waves. The effective bandwidth of a Bragg grating with this length is equal to 
(7rTsY1

• 

1'The up-shifted wave is often referred to as "anti-Stokes wave" in literature. 



108 

Op ti cal 
wave 1 -•pump" 

a) 

(\(\(\/\(\(\(\ 

VVV\/ VV 

Optical wave 

Optie al 
wave 2 -"probe" 

3. Physical aspects 

Interference 
pattern of two 
optical waves --

Resul ting acoustic 
wave --

~) 
b) 

Acoustic wave .._____> 

cl 

Optical wave 

~) 
Acoustic wave 

Fig. 3.16 a-c Visualisation of the SBS process: interaction of two counterpropagating optica! 
waves and an acoustic wave. a) Acoustic wave generated by interaction of two 
counterpropagating optica! waves with the correct frequency difference. 
b) Spontaneous backscattering at a forward propagating acoustic wave: 
frequency downshift. c) Spontaneous backscattering at a backward propagating 
acoustic wave: frequency upshift. 
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Fig. 3.16 d-e Visualisation of the SBS process: interaction of two counterpropagating optica! 
waves and an acoustic wave. d) Symmelrical spectrom for low pump power. 
e) Asymmetrical spectrum for higher pump power. 

If the acoustic waves are assumed to decay as exp(-t/T8), the Brillouin gain has a 
Lorentzian speetral profile given by [3.41] 

(/!iVB)2 
n=----- gifs) 

4(/-/8) 2 +(Ji V 8) 2 
(51) 

where ~v8 is the Brillouin linewidth and is related to the pbonon lifetime by 
~v8 = ( 1rT 8t 1

• The peak: value of the Brillouin-gain coefficient is typically 
g8 ::::.:5xl0-11 m/W. When the pump spectrum bas a considerable width (equal or 
larger than ~v8), then the peak: gain will be lower and a probe wave will 
experience gain over a broader frequency range, viz. the sum of the Brillouin and 
the pump speetral width [3 .41]. 

Under steady-state conditions, applicable fora (quasi) continuons wave pump, the 
interaction between pump and probe is govemed by the coupled-intensity equations 
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(52) 

where Pp and Ps are the powers of the pump and probe respectively, a is the 
attenuation coefficient, which is about equal for the pump and probe frequency, 
and A.tr is the effective core area of the fibre. A typical value is Aeff=50 p.m2

• The 
first term on the right side of both equations (term with PrPs) is the power that is 
coupled from the pump to the probe wave by the Brillouin process. The second 
term of both equations (term with a) is the fibre attenuation. When the pump 
power is small, the first term of both equation becomes negligible and the signals 
only experience the fibre attenuation. Notice that the probe wave propagates in the 
-z direction, whereas the pump wave propagates in the +z direction. When there 
is interaction from Brillouin scattering, power of the pump wave is converted to 
the probe wave and energy is conserved during the SBS process. To be accurate: 
the number of photons is conserved during the SBS process [3.40]. The energy of 
the probe photons is smaller than the energy of the pump photons, as the former 
have a lower optical frequency than the latter. However, this difference is very 
small, because the frequency difference is very small: a difference of 11 GHz at 
an optical frequency of about 200,000 GHz. 

The coupled-intensity equations (52) can be solved analytically. Although such a 
solution is useful for a complete description of SBS that includes pump depletion, 
considerable physical insight is gained if pump-depletion is neglected for the 
purpose of estimating the Brillouin threshold. The probe intensity is then found to 
grow exponentially in the backward direction according to the relation 

(53) 

where L is the fibre length and Leff is the effective interaction length, given by 
Leff=(l-exp(-aL))/a. This equation shows how a probe signal incident at z=L 
grows in the backward direction because of Brillouin amplification occurring as a 
result of SBS. Notice that since the probe wave is backward propagating, P5(L) is 
the input probe power and P5(0) the output probe power. In practice, no such 
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signal is generally fed and the probe wave grows from noise17 or spontaneons 
Brillouin scattering (Fig. 3.16b and 3.16c) occurring throughout the fibre. The 
Brillouin threshold is defined as the input pump power at which the probe power 
(using equation (53), ignoring pump-depletion) becomes equal to the pump power 
at the fibre input. This critical pump power is given approximately by [3.41] 

(54) 

The numerical value of 21 is only approximate since it depends on the exact value 
of the Brillouin-gain linewidth. lt can also increase by a factor between 1 and 2 
depending on whether the pump and probe waves maintain their relative state of 
polarisation along the fibre or not. In subsection 3.4.2 it is found that this factor is 
1lh for standard non-polarisation-maintaining fibre. Using typical values for fibres 
used in the 1550 nm optical communication systems, A.ff=85 p.m\ Lerr=20 km, 
g8 =1.7x1o-ll m/W, we find forthe Brillouin threshold Piir=5 mW. 

Measuremeots 

The SBS backscattered power and the fibre output power were measured as a 
nmction of the pump power using the set up of Fig. 3.17. A narrow linewidth 
DBR laser (Av=2 MHz) plus EDFA-booster was used as high power ( + 12 dBm) 
pump source. This power was adjusted using a variabie attenuator. The pump 
power was injected into the fibre by a 90110 coupler. Two power meters measured 
the backscattered power (PM1) and the optical power at the fibre output (PM2). 
The readings of the two power meters were calibrated with respect to the optical 
powers at the fibre input and output, respectively. The fibre under test was a 
standard single-mode fibre with a length of 12.7 km (actually, this was a different 
fibre from the one used in section 3.3). The Brillouin shift is 10.88 GHz, which 
was measured by heterodyning the Brillouin backscattered light with a fraction of 
the incident pump light on a lightwave spectrum analyser. The results of the 

17It is a fundamental fact of nature that every amplification process generates its own 
noise. This is also the case for optica! amplification processes. The fundamental minimum of 
the noise speetral density at the output of an optica! amplifier is given by hf(G-1), where h 
is Planck's constant, fis the optica! frequency and Gis the gain of the optica! amplifier. We 
find the equivalent noise speetral density at the input of the amplifier as hf(G-1 )/G..,hf. The 
speetral density hf is sometimes referred to as the "vacuum noise". In practice the equivalent 
noise speetral density at the input of the optica! amplifier will be larger than hf, because of 
coupling losses, incomplete population inversion (erbium doped amplifiers, see section 4.4), 
or in case of the Brillouin amplifier: the thermally generated spontaneous phonons. 
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measurement are shown in Fig. 3.18. Note that the optical powers in this figure 
refer to the powers at the fibre input and output respectively. 

Fig. 3.17 Set up for measuring the SBS powers. TX: unmodulated DBR laser transmitter, 
EDFA: booster erbium doped fibre amplifier, Att: variabie attenuator, PMl: power 
meter to measure the backscattered power. PM2: power meter to measure the 
output power. 
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Fig. 3.18 Measurement results. a) The total backscattered power (power meter PMl). Solid: 
measured sum of SBS and Rayleigh backscattering. Dashed: theoretically calculated 
power of SBS backscattering only. b) Pump power at the fibre output (power meter 
PM2). 

Fig. 3.18a shows that for low pump power the backscattered power is dominated 
by the Rayleigb backscattering. For higher pump power the stimulated Brillouin 
scattering increases exponentially with the pump power. For the highest pump 
power the pump is saturated by the high spontaneons SBS power and the SBS 
backscattered power increases linearly with the input pump power. The SBS 
conversion efficiency can be as high as 65% [3.41]. Fig. 3.18b shows, that the 
output power becomes constant for higb pump powers. This is because all extra 
power is backscattered by the SBS process. 

Low power Brillouin scattering could not be measured with the set up of Fig. 
3.17, because of the presence of Rayleigb backscattering. Therefore we used a 
coherent system, which is frequency selective and can distinguish the two Brillouin 
contributions (downshifted and upshifted) from the Rayleigh contribution. The set 
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up and measurement procedure are described insection 4.3.2. The result is shown 
in Fig. 3.19. 

Backscaltered power 
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Fig. 3 .19 Backscartered power as function of pump power measured by a coherent receiver at 
the place of PMI in Fig. 3.17. o: 0 GHz (Rayleigh), x: -10.9 GHz (Brillouin, 
downshifted), +: + 10.9 GHz (Brillouin, upshifted). Notice that these results were 
measured at a single polarisation state. The degree of polarisation of the Brillouin 
backscartering at low powers is 33.3% (see subsection 3.4.2). Therefore the 
measured valnes at low powers should be increased by 1. 7 dB to find the total 
Brillouin power. For the higher powers no correction is required. 

For low powers the magnitude of the Brillouin backscattered waves are the same at 
-10.9 and +10.9 GHz, and increase linearly with the input power. This is because 
the spontaneons phonons, at which the pump photons are reflected, have no pre
feered direction of propagation along the fibre18

• An asymmetry occurs for higher 
powers. Then the Brillouin process introduces (exponential) gain at a 10.9 GHz 
lower optical frequency, whereas the same process introduces depletion 
(attenuation) at a 10.9 GHz higher optical frequency. This asymmetry is clearly 
visible in Fig. 3.19. 

18In the more rigorons quantum-mechanical picture this results from time reversal 
symmetry in the creation and annihilation of phonons [3.41]. 



114 3. Physical aspects 

3.4.2 Polarisation properties of stimulated Brillouin scattering19 

The polarisation properties of SBS have been studied in several articles. Stolen 
[3.43] verified experimentally that in a linear birefringent fibre (polarisation
maintaining fibre, PMF), when the probe wave is injected into the PMF-axis 
orthogonal to the pump wave, there is negligible SBS gain. When the pump was 
injected at 45° with the PMF-axis the gain is the same for all states of polarisa
tion. From this observation Stolen interpreted, that also in low birefringent fibres 
the gain is independent of the state of polarisation. This interpretation was used in 
several later publications, e.g. [3.34], [3.41], [3.44], [3.45]. However, measure
ments on low birefringent fibres showed a distinct polarisation dependenee of the 
SBS gain: the gain varied a factor two, between 10% and 20% [3.46], which is 
inconsistent with the interpretation of Stolen. 

The purpose of this subsection is to investigate the polarisation properties of SBS 
in single-mode fibres and to clarify the discrepancies between experimental results 
and the interpretation of Stolen. First the polarisation dependenee of the SBS gain 
and the state and degree of polarisation of the spontaneons SBS are calculated. 
Thereupon the experimental set up that is used to test the polarisation properties of 
SBS is described. After that the results are given. Finally conclusions are given 
and the implications of the results are discussed. 

Theory 

The changes in the state of polarisation of light traversing an anisotropic medium 
without polarisation-dependent toss, like optica! fibre, can be described 
mathematically as a rotation over the Poincaré sphere. We shall use the Stokes 
representation ([3.13], see subsection 3.2.1) ~=(S0,St.S2 ,S3) for descrihing the 
state of polarisation of an optica! signal. The effect of the medium can be 
described by a 4 X4 Mueller matrix. We consicter the elements of .S. to he 
normalized to unit intensity (~=(l,sl>s2 ,s3), with S;=S/S0) and no depolarisation of 
the forward pump wave (s1

2+sl+sl 1). The following derivation of the 
polarisation properties of SBS is very similar to our derivation of the polarisation 
properties of Rayleigh backscattering [3.47], see subsection 3.3.2. 

1 ~his subsection was also publisbed in 
M.O. van Deventer, A.J. Boot, 'Polarization properties of stimulated Brillouin scattering in 
single-mode fibers,' Joumal of Lightwave Technology, vol.12, no.4, pp.585-590, 1994. 
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The state of polarisation is lefthanded by definition, when the rotation of the 
optical field vector is counter-clockwise, when seen from a receiver (i.e. seen 
opposite to the propagation direction). Two signals have the same state of 
polarisation when their Stokes veetors are identical (see also subsection 3.2.2), and 
they are orthogonal when the Stokes vector of the second signal is 
§.=(1,-s1,-s2,-s3) 

20
• In an optical fibre polarisation orthogonality is preserved, 

provided that there is negligible depolarisation, polarisation-dependent loss [3.14], 
or polarisation mode dispersion [3. 8]. 

We u se the same definitions for backward and counterpropagating signals. At 
counterpropagation polarisation "identicality" and orthogonality are also preserved 
[3.17], see subsection 3.2.3. In a reciprocal system the Mueller matrix for back
ward transmission is the transpose of the matrix for forward transmission. The 
Jones calculus definitions for identical and orthogonal states of polarisation at co
and counterpropagation are given in subsection 3.2.3. 

The efficiency of coherent mixing (e.g. at a photodetector) of two copropagating 
( =f) signals with a state of polarisation ~ and §.b is given by (see equation (19)) 

(55) 

The mixing efficiency can be interpreted as the penalty for polarisation mismatch 
in a polarisation-control coherent receiver. It can also be interpreted as the 
polarisation-mixing efficiency in forward nonlinear effects as four-wave mixing 
(FWM) and stimulated Raman scattering (SRS). The mixing efficiencies of 
identically ( 11 ) and orthogonally ( .l) polarised pump and probe wave are respec
tively 

(56) 

The situation is different for counterpropagating (<=!) signals. The interaction 
between pump and probe are optimum when the orientation, the ellipticity, and the 
sense of rotation of the polarisation ellipse are the same when seen from one 
direction [3.43]. However, when the sense of rotation is the same, the handedness 
of the state of polarisation is the inverse. We can interpret this effect physically by 

2<NB. When two signals have orthogonal polarizations, their Stokes veetors are 
antipodal and not orthogonal ! 
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consictering the SBS process as a pump wave, that is reflected against the 
travelling acoustic wave into the probe wave. At an optical reflection the 
handedness of state of polarisation is reversed: righthanded into lefthanded, and 
vice-versa, but the orientation and ellipticity of the polarisation ellipse remains the 
same [3.29]. So after reflection the state of polarisation is ~ =(1 ,s~>s2,-s3) [3.47] 
(subsection 3.3.2). The mixing efficiency of two counterpropagating (~) signals 
with a state of polarisation §p and !. is thus given by 

(57) 

The mixing efficiencies of identically- and orthogonally-polarised pump and probe 
wave are respectively 

(58) 

For fibres without birefringence (or only circular birefringence) and linear pump 
polarisation state (s3 =0) the mixing efficiency is 1 for identical and 0 for ortho
gonal states of polarisation. 

(59) 

For fibres with linear birefringence and a linear input state of polarisation at 45 o, 

as in [3.43], s3 =cos(</>), where </> is the optical phase difference between the fast 
and the slow axis, which increases linearly with the fibre length. 4> is modelled to 
be uniformly distributed over the interval [0, 21r> so the expectation of s~ is 1/2 

and 

(60) 

For fibres with low birefringence, the state of polarisation evolution is often 
modelled as a three-dimensional Brownian motion [3. 8]. Provided that the fibre 
length is much larger than the polarisation beatlength (or polarisation-diffusion 
length), the state of polarisation is uniformly distributed over the Poincaré sphere. 
The validity of this assumption is argued in [3.47], see subsection 3.3.2. The 
expectation of si is Vs. This can beseen from si+s~+s~=l, where si, s~ and s3

2 

have all the same expectation. lt can also easily be calculated from the probability 
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distribution of s3, which is uniform over the interval [-1, 1] [3.32]. The resulting 
mixing efficiencies are 

(61) 

fJ ".1 3 

An interpretation of equation (61) is that roughly %of the pump power is used for 
Brillouin amplification of the probe wave with the same state of polarisation, and 
1/s for the orthogonal state of polarisation. We see that linear birefringent fibres 
and low birefringent fibres are not equivalent for SBS. 

The SBS differential equations (52) [3.41] can now be rewritten as 

(62) 

where Pp is the pump power, Ps is the probe power, a is the linear loss, ga 
Brillouin gain coefficient and Aett is the effective core area. An exact but implicit 
solution of (62) is given in [3.48]. 

b (1-b \ 
0 ()I p (0) e +o:z 

G(z)-b
0 

P ' 

(1-bo)G(z) p (O) e -«z 

G(z)-b
0 

P ' 
(63) 

The solution is implicit, as the probe power is only known at position z=L. The 
value of P8(0) must be found iteratively to match with the correct P5(L). The 
parameter b0 is a measure of the Brillouin efficiency as it shows what fraction of 
the pump power is converted to the probe power. The parameter g0 is the small
signal gain associated with the SBS process. Equation (63) is used for the 
theoretical curves later in this subsection. For smalt probe power, b0 ~ 1, the pump 
depletion is negligible and the gain experienced by the probe signal becomes 
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(64) 

Here L is the fibre length and Letr=(l-e-«L)/a is the effective fibre length. The 
gain may also be expressed in dB. 

(65) 

So, since '17"'~ is twice as large as ,.,".J., the Brillouin gain (ignoring fibre loss) for 
orthogonally polarised pump and probe wave is half (in dB) of the gain for an 
identical state of polarisation in low-birefringent fibres. This can also be read as 
that the linear power gain for orthogonal polarisation states is the square root of 
the linear power gain for identical polarisation states. The gain variation between 
10% and 20%, that was observed in [3.46], is consistent with this result. Even 
when serious pump-depletion (saturation of the Brillouin amplifier) occurs, the 
gain difference will be the same. So the two polarisation modes experience the 
same saturation (homogeneous saturation). 

The polarisation dependenee of Brillouin gain is illustrated in Fig. 3.20. In this 
illustration, we assume a pump power that is constant over the whole fibre length 
and we divide the fibre in six equal sections. The states of polarisation of the 
pump light of the six sections are taken on the three axes of the Poincaré sphere: 
V, P, R, L, H, and Q polarisation, respectively, see Fig. 3.20a. (See sub-section 
3.2.1 and Fig. 3.3b for the definitions of these six states of polarisation and their 
location at the Poincaré sphere.) This way the states of polarisation of the pump 
are taken evenly over the Poincaré sphere. Now first we assume that the probe 
wave is identically polarised to the pump wave, i.e. from left to right V, P, R, L, 
H and Q polarisation. Let us now follow the growth of the probe wave from right 
to left. In fibre section 6 the states of polarisation of the pump and the probe are 
perfectly aligned, so the probe experiences the maximum gain, say ~ dB. Also in 
fibre section 5, the probe experiences the maximum gain of~ dB. In fibre section 
4 something different happens. Both pump and probe have a lefthanded circular 
state of polarisation. However, as the direction of propagation is opposite, the 
direction of rotation of the electric field vector is also opposite, see also subsectien 
3.2.2. Therefore the polarisation mixing efficiency is zero in this case (equation 
(58)): 0 dB gain. Similarly there is 0 dB gain in fibre section 3. Por fibre sections 
2 and 1 the polarisation mixing efficiency is equal to one and the gain of each of 
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these fibre sections is ~ dB. So for an equally polarised pump and probe wave we 
findatotal gain of 4~ dB. The case of a probe wave orthogonally polarised to the 
pump wave (H, Q, L, R, V and P polarisation) is illustrated in Fig. 3.20c. In this 
case the gain is 0 dB, 0 dB, ~ dB, ~ dB, 0 dB and 0 dB respectively, making the 
total gain 2~ dB instead of the 4~ dB for identical polarisations. 
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Fig. 3.20 lllustration of the polarisation dependenee of Brillouin gain in low-birefringent 
optica! fibres. a) The states of polarisation of the pump wave at the six fibre 
sections: these states of polarisation are evenly distributed over the Poincaré 
sphere. We assume negligible pump depletion and fibre toss, so that in each fibre 
section the maximum gain (~ dB) is the same. b) The probe wave is identically 
polarised to the pump wave: total gain=4~ dB. c) The probe wave is orthogonally 
polarised to the pump wave: total gain=2~ dB. 

Even when no probe wave is injected, there is backward spontaneons ennsston 
because of the amplification process, see footnote 17

• The spontaneous backscattered 
power is given by [3 .49]. 
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( 
g"L,ff p ) 

P =(_E:__+1)(hvB )(e IJ. A,!! p -1) 
SBS hl!.fa elf 

(66) 

where P585 is the spontaneons SBS, h is the Planck constant, .M8 is the Brillouin 
frequency shift, k is the Boltzman constant, T is the temperature, v is the optical 
frequency, and Beff is the effective Brillouin bandwidth [3 .50]. For small pump 
power the spontaneons SBS power is about proportional to the pump power. 

(67) 

"'COnst.Pp 

The constant has a typical numerical value of 10-5 (-50 dB). 

The two orthogonal components of spontaneons scattering ( 11 and .l) are indepen
dent, because the spontaneons scattering is an incoherent process. Using definition 
(10), the degree of polarisation (DOP) of the spontaneons SBS is given by 

p -P 
DOP SBSII SBS1. xlOO% (68) 

PSBS~+PSBSJ. 

For low pump power (gain below 0.5 dB) Psss.L is about half Psss! and the 
DOP=33%. So low power SBS has the same degree of polarisation as Rayleigh 
backscattering [3.47]. For high pump powers the gain is typically 30 dB or more, 
P sss 1 is much larger than P sss .L and the degree of polarisation becomes near 100%. 
The state of polarisation of the SBS is the same as the state of polarisation of the 
pump. Therefore SBS acts as an identical polarisation reflector. 

Including the polarisation factor, the critical power (54) [3.35] becomes 

Pcr=21___!__ 
p g"Lejf 

(69) 

K is a constant determined by the degree of freedom of the polarisation state 
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1 K=-
'11 .. 1 
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(70) 

In absence of birefringence (or only circular birefringence), then K= 1. For 
linearly birefringent fibre K = 1 when the pump is coupled to one principal axis, 
and K = 2 when it is coupled at 45 o. Here we add K = llh for low birefringence 
and for any pump state of polarisation. 

Experimental set up 

The purpose of the experiments is to test the polarisation properties of Brillouin 
scattering in practice. For high pump powers, the SBS is the dominant back
scattered light, which can be analysed directly using an optical power meter and a 
polarisation analyser. For low pump powers, the backscattered light is heterodyned 
with a fraction of the incident pump light on a spectrum analyser. Since the SBS 
gives a beat product at 10.88 GHz, it can easily be resolved from the Rayleigh 
backscattering (beat product at 0 GHz). 

The experimental set up consists of two DBR laser sources, an Erbium Doped 
Fibre Amplifier (EDFA), some couplers, some fibre-coil polarisation controllers 
(POLC), a chopper plus lock-in amplifier, a long piece of fibre (spool), an optical 
power meter, a lightwave spectrum analyser and a polarisation analyser, see Fig. 
3.2la. The two optical attenuators for the lasers are not shown in Fig. 3.21a. The 
DBR-sources operateat X.=1537 nm and have a linewidth of ~v=2 MHz FWHM. 
The EDFA is used to boost the pump power above + 10 dBm. The couplers 
between DBR and fibre spool are 90%/10% to maximize the input pump power. 
The fibre length is 12.7 km, the attenuation is 0.19 dB/km, the mode field 
diameter was 10.3 J.tm, and the effective core area is 83 J.tm2

• The Brillouin 
frequency shift and the Brillouin linewidth were measured by heterodyning the 
Brillouin backscattered light with a fraction of the incident pump light on a 
lightwave spectrum analyser. The Brillouin shift was 10.88 GHz, and the Brillouin 
linewidth was 40±3 MHz, which is in good agreement with [3.51]. All open fibre 
ends are terminated to eliminate optical reflections and APC connectors were used 
to eliminate the 4% Presnel reflection at the input of the power meters. 
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Fig. 3.21 a) Experimental set up to measure the polarisation properties of stimulated 
Brillouin scattering. DBR: distributed Bragg-reflector laser, EDFA: erbium 
doped fibre amplifier, POLC: manual polarisation controller. 

b) Frequency stabilisation of the pump and probe laser to a common frequency 
reference, see text. 
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For measurement of the spontaneons SBS a constant fraction of the pump, acting 
as local oscillator, is mixed at the input of the lightwave spectrum analyser 
(50%/50% coupler) and the beat-product is measured at 10.88 GHz by using the 
marker function of the spectrum analyser. The POLC at the analyser was adjusted 
to measure the maximum ( 11 ) and minimum ( .i) power. 

For the SBS gain measurements the second DBR-laser signal is used as probe. To 
establish a constant frequency differenee between the pump and the probe laser, 
they are stabilized by using a technique, described in subseetion 2.2.2: frequency 
offset locking to a common frequency source. This souree is a mode-locked laser, 
which generates a comb of equally spaeed reference frequencies [3.52]. For this 
experiment, the comb-line spacing was set at 5.14 GHz. Two comb lines, 
separated by 10.28 GHz {=2X5.14 GHz), were selected for locking the lasers. 
The offset frequency was 300 MHz. So the frequency difference between de pump 
and the probe laser becomes 10.88 GHz (=10.28+2x0.3), see Fig. 3.21b. The 
probe signal is chopped at 1.5 kHz and the lock-in amplifier is used to distinguish 
the amplified probe signal from reflections, Rayleigh backscattering and 
spontaneons SBS. 

Results 

The polarisation analyser was used to measure the state of polarisation and degree 
of polarisation of the SBS for the highest pump power. The degree of polarisation 
was 99±2%, independent of the input state of polarisation. Notiee that the ±2% is 
used to indicate the accuracy of the polarisation analyser. Of course a degree of 
polarisation larger than 100% is not possible. Fig. 3.22 shows the state of 
polarisation of the SBS. The state of polarisation did not change when the POLC 
at the fibre input was adjusted, which is in agreement with SBS acting as identical
polarisation reflector. 

For lower input powers the polarisation analyser is not suited to measure state of 
polarisation and degree of polarisation because of the dominating Rayleigh 
backscattering. Instead the SBS was measured with the lightwave spectrum 
analyser, see Fig. 3.23. We see that for higher pump power the SBS increases 
exponentially with input power, and that the gain coefficient (in dB/mW) for an 
identical state of polarisation is twice the gain coefficient for an orthogonal state of 
polarisation, as predicted. For high powers the identically polarised part of the 
SBS is much larger than the orthogonally polarised part, so the degree of polari
sation is near 100%. 
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---------

• 

Fig. 3.22 The state of polarisation (Poincaré sphere) of the SBS while the polarisation 
controller at the fibre input was adjusted. The pump power was + 12 dBm. 

It was verified in a separate experiment, that the identically polarised part was the 
larger by using a polarisation beam splitter instead of the 90/10 coup Ier. A second 
verification was performed using the polarisation analyser to measure the state of 
polarisation of the backscattered light. This state of polarisation did not change for 
low pump powers (dominant Rayleigh backscattering) and high pump powers 
(dominant SBS). It had already been verified that Rayleigh backscattering acts as 
an identical-polarisation reflector. Therefore this measurement confirms the 
prediction that the SBS process acts also as an identical-polarisation reflector. 

For low pump power the difference between the identically and the orthogonally 
polarised parts of the spontaneons SBS becomes about 3 dB, but it was not 
possible to measure this accurately because of the spectrum analyser noise. 
However in a coherent systems experiment [3.37] (subsection 4.3.2) the SBS 
crosstalk was indeed 3 dB lower for orthogonal states of polarisation, so for low 
pump powers the degree of polarisation of the SBS is 33%. 
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Fig. 3.23 The two polarisation components of the SBS, measured with the lightwave 
spectrum analyser. The vertical scale is calibrated by using the measurement of 
Fig. 3.18. at +8.5 dBm pump power. o: measured at a state of polarisation 
identical to the pump, +: measured at a state of polarisation orthogonal to the 
pump. The theoretica! curves have the following fit-parameters: 
Rayleigh backscattering=-34.0 dB, g,= 1.9 X 10-11 m/W, 

(kT/Mf8 + 1) X(hvB,rr)=-55 dBm. 

The lightwave spectrum analyser was also used to measure the SBS spectrum for 
different states of polarisation. The state of polarisation of the pump was set at one 
of the poles of the Poincaré sphere and we vary the state of polarisation of the 
"local oscillator". This way we measure P=P5851 cos2(.p)+P585 .~.sin2(.p), .p being 
the angular distance between the two polarisation states on the Poincaré sphere. 
The state of polarisation of the "local oscillator" was adjusted to points on the 
equator and on a meridian of the Poincaré sphere respectively. As expected the 
SBS spectrum remains constant for the former (.p remained constant at 90°), 
whereas the SBS power is a sinusoidal function of latitude for the latter (.p was 
varied from oo to 360°), see Fig. 3.24. 
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Fig. 3.24 The spontaneons SBS spectrum for different states of polarisation. The state of 
polarisation of the pump and local oscillator are a) at the pole and on the equator, 
and b) at the pole and on a meridian of the Poincaré sphere, respectively. The 
pump power was +8.5 dBm. The spectra have a central frequency of 10.9 GHz 
and a span of 50 MHz. The vertical axis represems the optica) power on a linear 
scale in arbitrary units. 

Subsequently, the probe laser was connected and the chopper was tumed on. Fig. 
3.25. shows the SBS gain, measured with the lock-in amplifier, for a pump and 
probe with identical and orthogonal states of polarisation, respectively. The gain 
for identical states of polarisation is exactly twice (in dB) the gain for orthogonal 
states of polarisation. For high pump and probe power we can see the effect of 
pump depletion: saturation of the Brillouin amplifier. 
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Fig. 3.25 The SBS gain, measured with the lock-in amplifier, for a pump and probe with 
identical (o) and orthogonal (+) states ofpolarisation. The probe power was -10.1 
dBm (upper) and -29.4 dBm (lower), respectively. The theoretica! curves have the 
following fit-parameter: g.= 1.7 x Jo-" rn/W. 
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Conclusions 

The pump-power of the SBS process in low-birefringent fibres is used in a ratio of 
%:Va for the Brillouin amplification of the two polarisation modes of the backward 
propagating SBS signal, and not lh: 1/2 as bas been often assumed in literature. 
Therefore the probe mode with its polarisation state orthogonal to the pump 
experiences a Brillouin gain half (in dB) of the probe mode with its polarisation 
state identical to the pump, and not an identical gain. The polarisation factor is 
K=Ph, and not K=2. 

The consequence of the gain difference is that for low pump powers the 
spontaneons emission is also distributed at a ratio of o/a:1fs over the two polarisation 
modes, so the degree of polarisation is 33%. For high pump powers, spontaneons 
photons wîth a state of polarisation identical to the pump are much more amplified 
than spontaneons photons with the orthogonal state of polarisation. Therefore the 
Brillouin scattered light is dominated by the former and the SBS process acts as an 
identical-polarisation reflector with a degree of polarisation near 100%. 

Our measurements of spontaneons SBS and of SBS gain both confirmed the 
calculated factor two (in dB) difference in gain. Our measurements showed also 
the predicted degree of polarisation of 100% and 33%, and the identical
polarisation reflection. 

Since we established that the gain of a Brillouin amplifier is strongly polarisation 
dependent, some countermeasure bas to be taken if one wants to have a 
polarisation independent operation. One solution is depolarising the pump signal 
(e.g. [3.53]), so that the pump power becomes evenly distributed over all states of 
polarisation. Altematively, a linear birefringent fibre with a pump polarisation 
state set at 45 o could be used as Brillouin amplifier. On the other hand the 
polarisation dependenee of a Brillouin amplifier may be applied for charmel 
selection in a polarisation-division multiplex system [3.54]. Such a system uses 
two orthogonal states of polarisation to transmit two channels. The channel is then 
selected by adjusting the state of polarisation of the pump to the state of 
polarisation of the channel. Finally, the crosstalk from SBS in a bidirectional 
system is treated in subsection 4.3.2. 



128 3. Physical aspects 

3.5 Foor-wave mixing 

Four-wave mixing (FWM) is a fundamental nonlinear process caused by the power 
dependenee of the refractive index of an optical fibre. This power dependenee 
causes intermodulation between the optical signals. When three waves (signals) 
with optica! frequencies ft. f2 and f3 are injected into the fibre, a fourth wave with 
frequency f4 = f1 + f2- f3 is generated in the fibre. If there is an optical signal 
transrnitted at that frequency f4, it experiences crosstalk from this FWM wave. The 
power of the generated FWM wave is proportional to the product of the powers of 
the three original waves involved. Therefore, FWM may cause an upper limit in 
the transmitted power in optical multichannel systems. 

There exists much literature on FWM (e.g. [3.55), [3.56], [3.57]) and its effect on 
multichannel systems (e.g. [3.58], [3.59], [3.60], [3.61]). More recently the 
polarisation properties of FWM mixing in optical fibres have been studied ([3.62], 
[3.63], [3.64], [3.65], [3.66]). However, FWM has been studied mainly for the 
unidirectional case, where all signals propagate in the same direction. This section 
focuses on what happens for the bidirectional case, when signals are counter
propagating. Actually, we shall demonstrate theoretically and experimentally that 
bidirectional FWM interaction is negligible in all practical cases because of the 
poor phase-matching condition. A related effect will also be considered, viz. the 
Rayleigh backscattering of unidirectionally generated FWM waves. 

This sectionis structured as follows. Subsection 3.5.1 calculates the magnitude of 
the waves generated by FWM, assurning that all waves have the same linear state 
of polarisation over the entire length of the fibre. Subsection 3.5.2 discusses the 
polarisation properties of FWM: different states of polarisation at the input of the 
fibre and a varying state of polarisation along the fibre, because of fibre bire
fringence. Subsectîon 3.5.3 gives a thorough treatment of FWM in bidirectional 
systems: the magnitude (actually absence) of the direct FWM interaction between 
counterpropagating waves and the effect of the combination of FWM and Rayleigh 
backscattering. 
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3.5.1 Magnitude of Jour-wave mixini1 

The process of FWM arises from the intensity-dependent refractive index of the 
optical fibre. When two signals at f2 and f3 propagate through an optical fibre, the 
beatnote of these two signals modulates the refractive index by the frequency 
difference f2-f3• Through this modulated refractive index, a third signal with 
frequency f1 will develop sidebands at the frequencies f1 +(f2-f3) and f1-(frf3). 

Actually, when there are three frequencies at the input, a total of 9 FWM 
frequencies will be generated, see Fig. 3.26 and Table 3.27. Fora larger number 
of input frequencies the number of combinations increases dramatically: 
approximately with the third power of the number of input frequencies. In the 
following we shall consider only the FWM signal with frequency f4 =f1 +frf3• The 
other FWM signals can be found by interchanging the indices of the frequencies. 
There are also FWM signals of the type 2f1-f2• These terms are called "degenerate 
FWM frequencies", because one input wave has the function of two pump waves. 
The self-phase-modulation terms (type f1 +f1-f1) and cross-phase-modulation terms 
(type f1 +f2-f2) will not be considered, because these result only in a steady phase 
shift (continuous input waves) and no new frequencies. 

:§ 
"' u 
"' 

ft 

___.,.. Frequenc:y 

Fig. 3.26 Nine new frequencies generared by FWM from three input frequencies. Here f1, f2 

and f1 are the input frequencies and f.,,=f. +fb-f, are the frequencies of the 
generaled FWM waves, with a,b,c E {1,2,3}. see also Table 3.27. 

21This subsection is based on 
K.O. Hili, O.C. Johnson, B.S. Kawasaki, R.I. MacDonald, 'CW three-wave mixing in 

single-mode optica! fibers,' Joumal of Applied Physics, vol.49, no.IO, pp.5098-5106, 1978, 
and 

N. Shibata, R.P. Braun, R.G. Waarts, 'Phase-mismatch dependenee of efficiency of wave 
generation through four-wave mixing in a single-mode optica! fiber,' IEEE Joumal of 
Quanturn Electronics, vol.QE-23, no.7, pp.l205-1210, 1987. 
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Table 3.27 Nine new frequencies generated by FWM from three input frequencies, see also 
Fig. 3.26. 

Frequency Combination Degeneracy 

fm 2fl-f2 Degenerate 

fm 2fl-f3 Degenerate 

f221 2f2-f1 Degenerate 

f223 2fz-f3 Degenerate 

f331 2f3-fl Degenerate 

f332 2f3-f2 Degenerate 

fl23 f1 +fz-f3 Nondegenerate 

fm f1+frf2 Nondegenerate 

f231 fz+f3-fl Nondegenerate 

The growth of the FWM wave with frequency f4 = f1 + f2- f3 from three waves with 
frequencies fl> f2 and f3 is given by [3.55] 

1 • .2nw4 -(-a +z~ 4)Eiz)+z--(DX1111) 
2 nc (71) 

xE1 (z)E2(z)E3* (z) 

Here z is the propagation distance, E~> Ez, E3 and E4 are the amplitudes of electtic 
fields (complex scalars), w4 is the angular frequency: w4 =2·n-f4 , ex is the attenuation 
coefficienf\ {3 is the imaginary part of the complex propagation constant, (the 
complex propagation constant is given by 1/icx+i{J in our notation) i is given by 
i2=-1, the asterix (*) indicates complex conjugation, nis the refractive index, cis 
the speed of light, X1111 is third-order nonlinear susceptibility and D is the 

22The attenuation coefficient is quite often expressed in dB/km. Taking a' as the 
attenuation coefficient in dB/kilometer, then the relation between a' and a is: a' lOa 
log10e "" 4.343 a. 



3. Physical aspects 131 

degeneracy factor. D 1 when all three frequencies f~> f2 and f3 are equal, D=3 
when two of them are equal and D=6 when all three are different23

• 

The first term on the right hand side of equation (71) is the propagation of light in 
an optical fibre. The second term is the nonlinear term. This term is proportional 
to the product of the three complex E-field amplitudes. 

Two assumptions on the states of polarisation of the waves were made in equation 
(71). The first assumption is that all stat es of polarisation are linear and identical 
at the fibre input. The second assumption is that they remain identical and fixed 
during propagation. With these assumptions it is allowed to use a scalar represen
tation of the electric field. The case that these assumptions are no longer true 
(different states of polarisation at the fibre input and a fibre with a non negligible 
birefringence) will be treated in subsection 3.5.2. 

It is assumed that the total power in the generated FWM waves is much smaller 
than the power of the three original waves. In that case there is only a small 
conversion of power from the three original waves to the FWM wave(s) and EI> 
~ and E3 are not affected by the nonlinear interaction. They are then given by 

(72) 

Starting from E4(0)=0, the differential equation (71) is solved as 

(73) 

Here t:..{3 is the phase-match parameter, given by 

(74) 

This parameter indicates the phase matching of the FWM process. If all four 
waves have the same propagation constant, then A{3=0 and all contributions to the 

'2Yfhe degeneracy factor arises from the equation 
(a1+a2+a3)

3=lx(a1a1a1+ ..... )+3x(a1a1a2+ ..... )+6x(a1a2a3). The introduetion of the degeneracy 
factor makes it possible to consider in one equation all the different cases that none, some or 
all of the generating frequencies are the same. 
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FWM wave (second term of equation (71)) add in phase. If Ll{3,t:O then there will 
be a phase mismatch and the resulting FWM wave will contain less power. 

The phase-match parameter Ll/3 can be calculated by writing the propagation 
constant {3 as a Taylor series around angular frequency w0 as follows: 

(75) 

Here vg=c/ng is the group velocity (fig is the group index}, De the chromatic 
dispersion and w the angular frequency: wj=21r~ with j E {1,2,3,4}. Inserting 
equation (75) into equation (74) and using w3+wcw1-w2 =0, the first two tenns of 
(75) drop out and the result is 

(76) 

1t can be seen that the phase matching is best (Ll/3 small) when the chromatic 
dispersion is smalt or when the frequency differences between the waves are small. 

The result of equation (73) can be written in terms of optica! power using [3 .55] 

(77) 

Here Aerr is the effective area of the fibre core, defined as [3 .41] 
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Aeff 

lü~~y~dxdy r 
(78) 

f [IF<x,y)rdxdy 
00 

F(x,y) is the modal distribution (electric field). The result is 

with the effective fibre length L.,ff and the phase-match efficiency 1lpb defined as 
respectively 

and 

1 -"L -e L =--
eff a 

(80) 

(81) 

We conclude that the power of the generated FWM wave is proportional to the 
product of the three input powers times the phase-match efficiency 'rlpb· For A/3 =0, 
the phase-match efficiency becomes equal to one 'rlvh = 1. Otherwise 'rlpb < 1. Fig. 
3.28 gives an example of the phase-match efficiency forsome realistic parameters 
for a standard fibre at 1550 nm. In this example, the process of FWM is only 
efficient for frequency spacings below 30 GHz. 
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Fig. 3.28 Phase-match efficiency of FWM: 'llph· Parameters: attenuation a' =0.2 dB/km, 
dispersion Dc=l7 ps/kmlnm, wavelength 1.=1550 run. The horizontal axis is the 
equivalent frequency separation f,q=..f((f1-f3)(f,-f3)). Fibre length L, dashed: L=5 
km, dash-dot: L=lO km, solid: L=IOO km. 

3.5.2 Polarisation properties of jour-wave mixintf4 

In the previous subsection FWM was considered only for the case that all waves 
have the same linear state of polarisation, and that this state of polarisation is 
preserved when the light propagates along the fibre. However, the states of 

24-rhis subsection is based on 
K. Inoue, 'Polarization effect on four-wave mixing efficiency in a single-mode fiber,' 

IEEE Journalof Quanturn Eleetronics, vol.28, no.4, pp.883-894, 1992. 
A shorter and more elegant derivation of Inoue's results was published in 

M.O. van Deventer, A.J. Boot, 'Comment on "Polarization effect on four-wave mixing 
efficiency in a single-mode fiber",' submitted for pubHeation to IEEE Journat of Quanturn 
Electronics, 1993, and 

M.O. van Deventer, 'Probability density functions of optica! polarization states, theory and 
applications,' accepted for pubHeation in Journat of Lightwave Technology, 1994. 



3. Physical aspects 135 

polarisation of the three input waves are different in generaL Moreover, the state 
of polarisation is not preserved in standard single-mode fibre. The polarisation 
properties of FWM will be treated in this subsection. 

Polarisation effects are included by altering equation (71) as follows. 

1 21tw4 
-(-a: +iP 4)Eiz)+i--D 

2 nc 
x ( X1122[E2(z) . E;(z)]E1(z) 

+X1212[E1(z) . E3*(z)]Ez(z) 

+X1221[E1(z) . E2(z)]E3*(z) ) 

(82) 

Now E11 Ez, E3 and E4 are two-element complex vectors: Jones veetors as in 
equation (1). The dot ( ·) is the inner product of two vectors. The components 
X1122, X1212, and X1221 are components of the third-order nonlinear susceptibility 
tensor X. The componentsof X are related by X1111 =X1122+X1212+X1221 • Since the 
nonlineacity of optical fibre purely originates from the power-dependent refractive 
index, X1122 =X1212 ::::::X1221 z YsX1111 [3.41]. When all states ofpolarisation are linear 
and identical, then equation (82) is reduced to equation (71). 

The three terms with X1122, X1212 and X1221 can be recognised as follows. 

• The first term is the beatnote of f2 and f3, which modulates the refractive 
index with the difference frequency f2-f3• The wave with frequency f1 produces two 
sidebands, one of which is at f4 =ft +frf3• The other sideband will be ignored, as 
discussed before in subsection 3.5.1. The inner product of Ez and Ez* can be 
recognized as the mixing (efficiency) between two polarisation states, see equation 
(18). When the two states of polarisation are orthogonal, the beatnote disappears. 

• The second term is similar to the first term. It is the beatnote of f1 and f3, 

which modulates the refractive index with the difference frequency f 1-f3• The wave 
with frequency f2 produces two sidebands, one of which is at f4 =ft +f2-f3• The 
inner product of E1 and E; can be again recognized as the mixing (efficiency) 
between two polarisation states. 

• The third term is different from the other two. lt is the beatnote of ft and f2 , 

which modulates the refractive index with the sum frequency f1 +f2, which causes 
again two sidebands on f3, one of which is at f4 =f1 +f2-f3• There is also a 
difference in the inner product as it misses the complex conjugation (*). The 
interpretation of E1·Ez is that it is the polarisation mixing (efficiency) of E1 with 
the complex conjugate of E2• Subsection 3.2.2 gave a physical interpretation of the 
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complex conjugation of a Jones vector: the reversion of the handedness of the state 
of polarisation: righthanded into lefthanded and vice verse. The consequence of the 
difference between the third term and the first two is discussed below. 

Equation (82) is solved following the same procedure as in subsection 3.5 .1. Again 
it is assumed than there is only a small conversion of power, then E~> Ez and ~ 
are not affected by the nonlinear interaction. They are given by (see equation (4), 
subsection 3.2.1) 

E/z.)=U(z)EiO)e -<~a:z+iP) z with j=1,2,3. (83) 

Here U(z) is a unitary matrix of the type of equation (6), (3). Equation (82) can 
now be rewritten as 

1 2nw4 ~(!a+i~ 1 +iP2 -i~1)z 
-(-a +ij34)E4(z)+i--De 2 

· 

2 nc 
x ( X1122[E[(O)UT(z)U*(z)E3*(0)]U(z)E1(0) (84) 

+ X1212[Et(O)U r(z)U*(z)E3* (0) ]u(z)EiO) 

+ X1221[Et(O)U T(z) U(z)E2(0) ]u *(z)E; (0) ) 

Let US consider again the three terms with xl122• xl212 and xl221 in equation (84). 
The first two terms contain UTU*. Since U is a unitary matrix (see subsection 
3.2.1) uru·=l. However, the third term is different since it contains UTU. When 
equation (84) is solved for fibres with birefringence (highly birefringent fibre or 
standard low birefringent fibre)25

, it is found that, although the third term is not 
zero locally, it becomes negligible compared to the other two terms, as a result of 
the integral over z [3.62], [3.65], [3.66]. The disappearance of the third term is 
discussed in detail in appendix A. In this calculation, the assumption is made that 
the polarisation beatlength or "polarisation diffusion Iength" is shorter than the 
effective Iength of the fibre. As discussed before in subsections 3.3.2 and 3.4.2, 
this assumption is always valid in practical telecommunication systems. 

Finally, the following expression is obtained [3.62]. 

25The third term may be only significant in an optical fibre (or other materials) that 
have a negligible birefringence, i.e. a polarisation beatlength which is much larger than the 
effective (fibre) length. A physical interpretation of this case will not be given. The 
interpretation is difficult since it involves the reversion of the handedness of the state of 
polarisation. 
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_. 2n w 4 -<~•<+iP.J 
EiL)-l--D 2X1122e 

nc 
l-e<-a+iA!l)L 

x----
a-iil.P 

x 1U(L) ( [E2(0)E3*(0)]E1(0) 

+[E1 (O)E3* (0) ]E2(0) ) 
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(85) 

The last term of equation (85) contains the polarisation properties of FWM. Using 
normalised Jones veetors (ei=Ei(O)/jEi(O)I with j E {1,2,3}) we can define a 
polarisation mixing efficiency ?/pol as 

(86) 

If all states of polarisation are identical (e1 =~=~) then ?/po1= 1. In all other cases, 
?/pol < 1. The state of polarisation of the generated FWM wave at the fibre output is 
given by 

(87) 

Table 3.29 gives the FWM polarisation mixing efficiencies from equation (86) for 
some special cases. The maximum FWM output is obtained when the states of 
polarisation of all three input fields E1, ~ and are identical. When the state of 
polarisation of wave E1 is orthogonal to that of the other two waves (~, ~). then 
the second term becomes zero and the FWM power is reduced by a factor of 4 
(the amplitude of E4 is halved). The same is the case, when the state of 
polarisation of wave ~ is orthogonal to that of the other two waves (Et> ~). 
When the state of polarisation of the wave E3 is orthogonal to that of the other two 
waves (E~o ~). then both terms become zero and the FWM effect vanishes. An 
experimental verification of these results has recently appeared in the literature 
[3.63]. 
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Table 3.29: 

Et=E2=E3 

E1=~.L~ 

E1.L~=E3 

Et :E3.L~ 
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FWM efficiency at f4=f1 +f2-f3 forsome special cases [3.62]. Notice that here 
"=" is used as "have identical states of polarisation" (see definition (24), 
subsection 3.2.2) and not as "are identical". ".1." means "have orthogonal 
states of polarisation". 

State of polarisation Polarisation mixing 
E4 efficiency 'l7pot 

Et(=~=~) 1 

0 

Et 1,4 

E2 1,4 

Equation (85) can be written in terms of optical power using equation (77). The 
result is almost identical to equation (79). The only modifications are that X1111 is 
replaced by 2Xu22 and that the polarisation mixing efficiency is introduced as an 
extra factor. 

3.5.3 Four-wave mixing for bidirectional propagation26 

The preceding two subsections treated FWM for only copropagating waves. One 
may also expect FWM interaction for counterpropagating waves through the 
following mechanism. Two counterpropagating waves create a running wave 
pattern, which introduces a "Bragg grating" in the refractive index of the fibre. 
This pattem becomes a standing wave pattem when the optical frequencies of the 
two counterpropagating are exactly identical. A third wave may be scattered in 
either direction by this grating. Reference [3.67, chapter 14] treats FWM between 
waves that have different directions and identical optical frequencies. This case of 

2&rbis subsection bas also been publisbed in 
A.J. Boot, M.O. van Deventer, 'Four wave mixing in bidireetional optica! communication 

systems,' submitted for pubHeation to Joumal of Lightwave Technology, 1994. 
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FWM is equivalent to holography27
• However, there is very little literature on the 

case of different optical frequencies. The FWM between counterpropagating waves 
was mentioned as a possible crosstalk souree in reference [3 .58]. However, this 
reference did only consider one specitïc channel arrangement with two 
counterpropagating signals at exactly the same frequency. This is not realistic for 
an actual system, because of reflections and Rayleigh backscattering (see also 
subsections 4.2.1 and 4.3.1). Moreover, the phase-match efficiency was not 
considered in detail, whereas this is the key parameter in analysing FWM wave 
generation. 

This subsection presents a thorough investigation of the influence of FWM for 
bidirectional transmission. First the FWM interaction will be studied theoretically, 
showing that no efficient phase matching will occur in practical bidirectional 
systems. Then it will be calculated that the Rayleigh backscattering trom 
unidirectionally generated FWM is not negligible. Thereupon experiments are 
presented that support the theoretica! treatment. Finally the results are discussed 
and conclusions are drawn. 

Theory 

a) Bidirectional FWM interaction 

The description of bidirectional FWM interaction is completely similar to the 
unidirectional case. Therefore, only some smalt modifications need to be made to 
the derivations in subsecdons 3.5.1 and 3.5.2. In order to efficiently analyse all 
possible combinations of the waves E1, E3 and that propagate in the positive 
or negative z-direction, the vector r is introduced. 

27 A ho lograpbic image is created by capturing the interference pattem of an image and a 
reference beam on a photographic plate. A single monochromatic coherent souree is used for 
illuminating the object and for the reference beam. This is equivalent to the case of FWM 
between waves that have different directions and identical optica! frequencies. In the case of 
FWM the same interference pattem is captured, but now it is written in the refractive index 
of the material (power dependent refractive index). 
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rl 

r2 (89) r~ 
r3 

with rj=±l 

r4 

This vector denotes the direction of propagation of the four waves: ri + 1 
indicates that wave Ei propagates in the positive z-direction and ri=-1 indicates 
that wave Ei propagates in the negative z-direction. For instanee I:= (1, 1,-1, 1) 
describes the contiguration where the waves with frequency f1, f2 and f4 propagate 
in the positive z-direction, and the wave with frequency f3 in the negative z
direction. The same convention will be used for numbering the waves as in the 
preceding subsections: E4 is the wave generated at the frequency f4 =f1 +f2-f3 from 
the three waves E1, and E3• We shall make the same assumption as for equation 
(72), that the three input waves experience negligible power loss from the FWM 
interaction. With this assumption and the introduetion of I:, equations (71) and 
(72) are modified as follows 

1 . .21tW4 
-ri-a+z(14)E4(z)+z--(D 2X1122) 

2 n4c (90) 

xE1 (z)E2(z)E3* (z) 

with 

E .(z)=E.(O)e-ri<}x+illJ)z 'th · 123 
J J W1 J= ' ' . 

(91) 

Notice that X1111 of equation (71) has been replaced by 2X 1122 • This is because the 
fibre is assumed to have a significant birefringence (see subsection 3.5.2). We also 
assumed that all polarisation states are aligned (worst case, maximum FWM wave 
generation), so E" ~. E3 and E4 are treated again as complex scalars. 

From now on we shall only consider the case of + 1, i.e. the FWM wave 
generated in the positive z-direction. This does not cause of a loss of generality, 
since r and -r represent the same contiguration (only the fibre is reversed). 
Starting with E4(0)=0, substituting equation {91) into equation (90) and integrating 
over the fibre length L, we obtain 
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(92) 

Here the equivalent attenuation coefficient <Xeq and equivalent phase match 
parameter t..(Jeq are defined as 

(93) 

and 

(94) 

The dot ( ·) denotes again the inner product of two vectors. The two veetors ~ and 
fl. are defined as 

at a 

a2 a 
(95) g_= " a3 a 

-a4 -a 

and 

131 

132 (96) .{i= 
-133 

-134 

Por .L = (1, 1, 1, 1) equation (92) reduces to the case of unidirectional propagation 
(equation (73)). Equation (92) can be written in terros of optical powers using 
equation (77). The result is the same as equation (79) (except for using 2X1122 

instead of xllll). 
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with the effective fibre length Leff and the phase-match efficiency 1/ph now defined 
as respectively 

L~"! 
1-e -<~._,f 

, for a eq '1'0, 
aeq (98) 

1-e -<~.L 
, for aeq=O, 

IX 

and 

'lph = 
[ 

a;q l [1+ 4e-".,/-sin
2
(àPeqL/2)] 

a;q +à ll~ (1-e -a.;-)2 

a2 4sin2(àPeqL/2) 

(99) 

à p ;q (1 -e -aLf 

To analyse the FWM power for counterpropagating waves, all possible 
combinations of .r have to be checked for 24 = 16 possible combinations. We had 
already set r 4 = + 1. Moreover' interchanging r I and r 2 leads to equivalent con
figurations. After removing the redundant configurations, six basic configurations 
remain, see table 3.30. 
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Table 3.30 The basic combinations of the possible 24= 16 combinations for [. 

11 Combinations of [ Basic combinations of [ 

(1,1,1,1), (-1,-1,-1,-1) (1,1,1,1) 

(1,-1,-1,1), (-1,1,-1,1), (-1,1,1,-l), (l,-1,1,-1) (1,-1,-1,1) 

(1,-1,1,1), (-1,1,1,1), (-1,1,-1,-1), (1,-1,-1,-1) (1 ,-1' 1' 1) 

(1,1,-1,1), (-1,-1,1,-1) (1,1,-1,1) 

(-1,-1,-1,1), (1,1,1,-1) ( -1,-1,-1' 1) 

(-1,-1,1,1), (1,1,-1,-1) (-1,-1,1,1) 

The equivalent attenuation coefficient aeq and the equivalent phase-match parameter 
il.f3eq are calculated for each of these configurations. Again the Taylor series of 
equation (75) is used for the calculation of il.f3eq• and we retain only the Iowest 
nonzero term. The result is shown in table 3.31. Also the resulting phase-match 
efficiency 1/ph is calculated for some realistic fibre parameters. The frequency 
spacing is set at f1-f3=f2-f3 =500 MHz. 

Table 3.31 The basic combinations of I: and the corresponding equivalent attenuation 
coefficient a;,q and equivalent phase matching parameter A/1eq· The phase-rnatch 
efficiency llph is calculated for a fibre attenuation of a' =0.2 dB/km, a chromatic 
dispersion of Dc=l7 ps/km/nm, a refractive index of n=1.46 and frequency 
spacings of f1-f3=f2-f3=500 MHz. 

r aeq il_fJeq 1lph 

(1,1,1,1) a 27rÀ2(f1- f3)(f2-f3)/c "" l 

(1,-1,-1,1) -a -41r(f2-f3)ngfc < 10-to 

(1,-1,1,1) 0 -2f3o < 10-zo 

(1,1,-1,1) 0 2f3o < w-20 
(-1,-1,-1,1) -2a -2f3o < w-20 

(-1,-1,1,1) -a -4f3o < w-20 
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The unidirectional case is represented by f.=(l,l,l,l). Here .6.{3=0 and there is 
(almost) perfect phase matching, see also Fig. 3.28. 

As for the bidirectional cases f.=(1,-1,1,1), f.=(l,l,-1,1), 1, 1, 1,1), 
and r. 1 , - 1, 1 , 1), an enormous phase mismatch occurs since {30 = 2 7Cll/ 
1\=:6*106 m-1

• In these cases the phase-match efficiency is less then 10-20• 

Consequently the magnitude of these waves is negligible. 

Counterpropagating. (1,-1. -1.11 
101 .--.-.-.rnorr---.-.,.,.nr--.-o-rTrnTr--o-~-n~ 

Frequency spacing in Hz 

Fig. 3.32 The phase-match efficiency for the bidirectional case of [=(1,-1,-1,1). Fibre 
length L, dashed: L=5 km, dash-dot: L= 10 km, solid: L= 100 km. 

The phase-match efficiency for the bidirectional case of r. = ( 1,-1,-1, 1) is shown in 
Fig. 3.32. This case can be interpreted physically as follows. The two signals with 
frequency f2 and f3 modulate the refractive index of the fibre with their frequency 
difference frf3 • The signal with frequency f1 is phase modulated by this frequency 
difference, and so creates modulation sidebands, at ±(f2-f3). However, the 
signal with f1 is counterpropagating to the signals with f2 and f3• When the period 
of the modulation of the refractive index (ll(f2-f3)) gets smaller than the time 
required for light to travel over the effective length (Leftfigfc), the phase-match 
efficiency decreases. This is caused by the fact that the signal f1 then experiences 
an averaged refractive index modu1ation. Sirree the time of flight of light over the 
effective fibre length is typically in the range 0.1-1 ms, the phase-match efficiency 
deercases rapidly for frequency spacings above a few kHz. In practical 
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systems the channel spacing is usually much larger than this, see subsection 4.3.2 
[3.68], [3.69]. For f2-f3 =500 MHz, the phase-match efficiency is already less than 
10-10

, which is negligible. 

b) Rayleigh backscattering from unidirectionally generated FWM waves 

In the preceding calculations it was found that the FWM interaction between 
counterpropagating waves is negligible. One of these cases was .[=(-1,-1,-1,1): 
one new wave generated from three waves propagating in the opposite direction. 
Also bere, the direct FWM interaction was found to be negligible. However, the 
three copropagating waves do generate FWM waves (subsection 3.5.1), and these 
waves may be backscattered by the process of Rayleigh backscattering (subsection 
3. 3.1). This way three copropagating signals can still induce crosstalk to a fourth 
signal that is counterpropagating with respect to the first three. This will be 
calclilated next. 

First the generated FWM wave is written for perfect phase (and polarisation) 
matching (worst case), see equation (79) 

56 4 2 2 
2 1C û)4 2 -«z Zeff 

Piz) (DX1111) P1(0)P2(0)P3(0)e -
n4c4 A2 

eff (100) 

with 

(101) 

Here P0 can be interpreted as the equivalent power that must be injected at the 
input of the fibre to produce the same power at the output as the FWM wave: 

(102) 

The reflectivity of a small piece of fibre with length az is given in equation (38) 
as 2bngaz/c (ng: group index, b: backscatter fraction). So the total backscattered 
power from the FWM wave can be written as the integral 
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(103) 

The factor e-«z is the fibre attenuation from the reileetion point back to the fibre 
input. The result of this integral is 

P bn 
back =-g (6(1-e -2aL) _ 8(1-e -3aL) + 3(1-e -4aL)) 
P0 6ca 

For long fibres (L>a-1) the result reduces to 

pback= bng 

P0 6ca 

(104) 

(105) 

This power ratio equals approximately -41 dB fora single-mode fibre at 1550 nm. 
This means that -41 dB of the equivalent FWM input power P0 is backscattered. 
Fig. 3.33 shows the magnitude of the FWM wave and its backscattered wave as a 
tunetion offibre length for P1=P2=P3=6.5 dBm. This power was chosen, because 
it is the optical power that was used in the experiments (below). The Rayleigh 
backscattering of one input wave of 6.5 dBm is also shown as a reference. 

As for polarisation properties: when the waves with fl> f2 and f3 are fully polarised 
(degree of polarisation equal to 100% ), then the generated FWM wave at f4 is also 
fully polarised. Since the process of Rayleigh backscattering divides the degree of 
polarisation by 3 (subsection 3.3.2, [3.47]), the degree of polarisation of the back
scattered FWM wave will be 33%. 

Also in the cases of !:.=(1,-1,1,1) and !:.=(1,1,-1,1) there may be a new wave 
crated by the unidirectional FWM interaction of two waves and the Rayleigh back
scattered fraction of a third wave. However, at one end of the fibre the powers of 
the first two waves are large and the backscattered fraction of the third wave will 
be smalt, whereas at the other end of the fibre the backscattered fraction of the 
third wave may be large and the power of the first two waves is small because of 
fibre attenuation. Hence the power of the generated FWM wave is small, since it 
is proportional to the product of the powers of the three original waves and this 
product is small at all positions along the fibre. This in contrast to the case of a 
Rayleigh backscattered unidirectionally generated FWM wave ([=(-1,-1,-1,1)), 
where all three waves are large near the fibre input. 
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Fig. 3.33 Magnirude of FWM powers and Rayleigh backscatter powers as a function of fibre 
length. 
Dash dot: the FWM wave generated in the forward direction. 
Dashed: the Rayleigh backscattered power of +6.5 dBm injected light. 
Solid: the Rayleigh backscattered power of the generated FWM wave. 
The parameters of this calculation are: wavelength: À= 1550 mn, attenuation: a' =0.2 
dB/km, input powers: P1=P2 =P3 =6.5 dBm, Rayleigh backscatter parameter b=lO 
s-1, effective core area A.rr=85 pm2

, degeneracy parameter D=6, nonlinear 
susceptibility 2X1122 =4.58.10-'4 m'IJ [3.70]. 

We conclude that there may be significant bidirectional crosstalk from the Rayleigh 
backscattering of a unidirectionally generated FWM wave. The FWM interaction 
with the backscattered fraction of counterpropagating waves will be much smaller 
(negligible) because of fibre attenuation. 
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Experiments 

The experimental set ups are shown in Fig. 3.34. Four DBR (distributed Bragg 
reflector) lasers were used, A, B, C, and Lo ("local oscillator"). Also two erbium 
doped fibre amplifiers (to boost the optical power), polarisation controllers (to 
align polarisation states), an optical-fibre spool, a scanning Fabry-Pérot inter
ferometer, a lightwave spectrum analyser, a polarisation analyser and optical atten
uators were used. The DBR lasers were operated at À= 1537 nm. The linewidth of 
the lasers was about 1 MHz. The four lasers were frequency locked using auto
matic frequency control, as described in subsection 2.2.3 [3.71]. The frequency 
distances between the lasers and some FWM terms are given in Fig. 3.35. The 
totallaunch powers into the fibre provided by EDFAl and EDFA2 were 11.3 dBm 
and 7.5 dBm, respectively. The fibre spoot bas a lengthof L= 12.7 km, an atten
uation of a'=0.2 dB/km, an anomalous dispersion of Dc=17 ps/nm/km and a 
mode-field diameter of 10.4 pm (A.rr=85 pm2

). 

The principle of the measurement is based on heterodyne detection as follows. The 
three lasers, operating at fA> fB and fc, generate a FWM wave at frequency fFwM· 
The light of this FWM wave is mixed with light of the Iocal oscillator. The 
lightwave spectrum analyser measures the coherent beatnote between the Iocal 
oscillator light and the FWM light. This beatnote bas the frequency I fFWM-fLo 1-

The beatnote at 200 MHz corresponds to the FWM wave with frequency 
fFWM =f" +f8-fc. The beatnote at 1400 MHz corresponds to the FWM wave with 
frequency f~-wM=fA +fc-f8 , see Fig. 3.35 and table 3.36. Other beatnotes will not 
be considered. 
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Fig. 3.34 Experimental set ups. DBR: distributed Bragg reflector laser, POLC: manual 
polarisation controller, Att: variabie attenuator, EDFA1, EDFA2: erbium doped 
fibre amplifiers, PA: polarisation analyser, LSA: lightwave spectrum analyser. FP: 
Fabry-Pérot interferometer. 
a) Set up for testing !:=(1, 1, I, 1): all three original waves copropagating with 

the generaled FWM wave. 
b) Set up for testing !:=(1,1,-1,1) and I:=(l,-1,1,1): one of the three original 

waves counterpropagating with the generaled FWM wave. 
c) Set up for testing I:=(-1,-l,l,l) and I:=(l,-1,-1,1): two of the three original 

waves counterpropagating with the generaled FWM wave. 
d) Set up for testing I:=(-1,-1,-1,1): all three original waves counter

propagating with the generaled FWM wave. 

200 600 1600 800 ....... .. .. .. ... .. 
1400 

__.,..Frequency in MHz 

Fig. 3.35 Frequency allocation of the lasers A, B, C and Lo and the relevant generated FWM 
frequencies, see also table 3.36. The wavelength À=l537 nm. 
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Table 3.36 Relative location of the optica! frequencies of the four lasers and location of the 
relevant beatnotes 

Beatnote Frequency of beatnote 
in MHz 

frfLo 600 

fs-fLo 2200 

r fc-fLo 3000 

(1,1,1,1) I (fA +fs-fc)-fLo I 200 

(1,-1,-1,1) I (fA +fc-f8)-fLo I 1400 

(1,-1,1,1) I (fA +fc-fs)-fLo I 1400 

(1,1,-1,1) I (fA +fs-fc)-fLo I 200 

(-1,-1,-1,1) I (fA +f8 -fc)-fLo I 200 

(-1,-1,1,1) I (fA +fs-fc)-fLol 200 

The measured spectra were calibrated by measuring the beatnote of the local
oscillator laser with laser A at I fA-fLo 1- The power of that laser (A) was also 
measured directly at the fibre output using an optieal-power meter. This reading is 
used for the calibration of the vertical scale of the measured spectra. In one 
experiment the scanning Fabry-Pérot interferometer was used as spectrum 
analyser. Here too, the vertical scale was calibrated with respect to the power at 
the fibre output. 

Before each measurement, the states of polarisation of lasers A, B and C were 
aligned with respect to the laser Lo using the polarisation analyser. The states of 
polarisation of forward-propagating waves were measured directly by the 
polarisation analyser. The states of polarisation of the backward-propagating waves 
were measured by measuring the states of polarisation of their backscattered 
waves. Here we utilise of the property of Rayleigh and Brillouin backscattering, 
that the state of polarisation of the backscattered light is identical to that of the 
incoming light (see subsections 3.3.2 and 3.4.2, [3.37], [3.47]). 
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Results 

a) Unidirectional FWM: !:=(1,1,1,1). 

The unidirectionally-generated FWM waves were measured using the set up of 
Fig. 3.34a. The optica! powers at the fibre input were PA=P8 =Pc=6.5 dBm. Fig. 
3.37 shows the optica! spectrum at the input and output of the optical fibre, 
measured by the Fabry-Pérot interferometer. The spectrum measured by the 
lightwave spectrum analyser is shown as well. The measured optica! powers of the 
FWM waves are approximately -13.9 dBm for the waves with D=6 and -19.4 
dBm for the waves with 0=3. This is within 1 dB from the expected value, see 
table 3.38. 
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Optica) spectrum at the fibre input, measured by the scanning Fabry-Pérot 
interferometer (wavelength À= 1537 nm). 
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Fig. 3.37 b) Optica! spectrum at the fibre output, measured by the scanning Fabry-Pérot 
interferometer (wavelength À= 1537 nm). 
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Spectrum measured by the lightwave spectrum analyser. The beatnote of 
fABC=f, +f.-fc is visible at I fFWM-fw I "'200 MHz. There is also another 
beatnote visible at about 600 MHz. This is the beatnote I fA-fl.o I· 
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Table 3.38 Measured and calculated FWM powers. Parameter: nonlinear susceptibility 
2X1122 =4.58*10-14 m3/J [3.70]. Other parameters: see text above. As the frequency 
spacing is small, the phase-match efficiency is approximately '1p11 = l. The 
polarisation mixing efficiency is '1pot= l, since all polarisation states are equal. 

Input power: Degeneracy factor Calculated FWM Measured FWM 
power PA=Ps=Pc D power 

6.5 dBm 6 -13.2 dBm -13. 

3 -18.9 dBm -19.4 

b) Bidirectional FWM: [=(1,1,-1,1), (1,-1,1,1), (-1,-1,1,1) and (1,-1,-1,1). 

The bidirectionally-generated FWM waves of the type [ = ( 1 , 1 , -1 , 1) and 
.[=(1,-1,1,1) were measured using the set up of Fig. 3.34b. The optical powers at 
the two fibre inputs we re PA= P8 = 8. 9 dBm and Pc= 6. 7 dBm. The resulting 
spectrum from the lightwave spectrum analyser is shown in Fig. 3.39. Several 
beatnotes are visible, but there are no beatnotes presents at 200 MHz and 1400 
MHz (.[=(1,1,-1,1) and .[=(1,-1,1,1), respectively), as predicted theoretically. 

The bidirectionally generated FWM waves of the type [ = ( -1,-1, 1, 1) and 
.[=(1,-1,-1,1) were measured using the set up of Fig. 3.34c. The optical powers 
at the two fibre inputs were PA=P8 =8.4 dBm and Pc=7.5 dBm. The resulting 
spectrum from the lightwave spectrum analyser is shown in Fig. 3.40. Again 
several beatnotes are visible, but there are no beatnotes presents at 200 MHz and 
1400 MHz ([=(-1,-1,1,1) and ,-1,1), respectively), as theoretically 
predicted. 
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Fig. 3.39 Measured spectrum by the lightwave spectrum analyser. Beatnotes at 200 MHz 
([=(1,1,-1,1)) and 1400 MHz (!:=(1,-1,1,1)) are absent. The origin of the other 
beatnotes is indicated in the figure. 
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Fig. 3.40 Measured spectrum by the lightwave spectrum analyser. Beatnotes at 200 MHz 
(!:=(-l,-1,1,1)) and 1400 MHz (!:=(1,-1,-1,1)) are absent. The origins of the 
other beatnotes are indicated in the figure. 
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c) Bidirectional FWM: !:=(-1,-1,-1,1), Rayleigh backscattering. 

Finally, the bidirectionally -generated FWM wave of the type r. = ( -1,-1,-1, 1) was 
measured using the set up of Fig. 3.34d. The optical powers at the two fibre 
inputs were PA =P6 =Pc=6.5 dBm. The resulting spectrum from the lightwave 
spectrum analyser is shown in Fig. 3.41. Now there is a peak visible at about 
200 MHz, which is the theoretically predicted beatnote between the backscattered 
FWM wave and the local oscillator. In a secoud experiment the state of 
polarisation of the local oscillator was adjusted to be identical and orthogonal to 
the state of polarisation of the other lasers. The result was that the height of the 
peak varied by about 3 dB, see Fig. 3.42. This corresponds with the predicted 
degree of polarisation of 33%. The magnitude of the peak was about -55 dBm and 
-58 dBm in the two cases, which means that the total power (the sum of the two) 
is about -53 dBm. This value is in good agreement with the predicted value of 
-52 dBm in Fig. 3.33 (at L=l2.7 km). 
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Fig. 3.41 Measured spectrum by the lightwave spectrum analyser. Note the presence of a 
beatnote at 200 MHz: !:=(-1,-l,-1,1). The origin of the other beatnotes is 
indicated in the flgure. 
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Fig. 3.42 Same as Fig. 3.41, but for different states of polarisation. +: all states of 
polarisation identical. o : state of polarisation of the local oscillator orthogonal to 
the states of polarisation of the other lasers. The "maximum hold" option of the 
spectrum analyser was used to suppress the noise. 

Discussion 

Both the theoretical calculations and the experiments showed that the direct FWM 
interaction between counterpropagating waves is negligible because of phase 
mismatch. According to the calculations, the phase-match efficiency is lower than 
I0-10 for frequency spacings exceeding 500 MHz. In practice, this is always the 
case in bidirectional communication systems. Consequently, the FWM process 
itself can only cause crosstalk between copropagating signals. However, crosstalk 
may occur from a FWM wave, that is generated by copropagating signals and then 
backscattered by Rayleigh backscattering. It was calculated that for input powers 
of 6.5 dBm the backscattered FWM wave will be about -46 dBm for long fibres, 
see Fig. 3.33. The input signal power at an optical receiver is often (much) lower 
than this value (e.g. a 150 Mbit/s coherent receiver with a sensitivity of -57 dBm, 
see section 4.3). Therefore a crosstalk power of about -46 dBm will completely 
impede transmission at that wavelength. Thus Rayleigh backscattering of FWM 
waves should be taken into account when designing a bidirectional multichannel 
transmission system. This may be done by avoiding that particular frequency for 
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optica! channels. One may also lower the optica! power, since a reduction of 1 dB 
in optica! power reduces the FWM wave by 3 dB. 

Conciosion 

lt was shown in this subsection, that FWM interaction between counterpropagating 
waves is negligible due to the enormous phase mîsmatch. However, the Rayleigh 
backscattering of unidirectionally generated FWM waves can induce crosstalk and 
should be taken into account in the design of a bidirectional multichannel trans
mission system. The experiments confirmed the theoretica! calculations. 
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4. Transmission aspects 

This chapter treats the transmissiOn aspects of bidirectional optica! fibre 
transmission systems. First there are the duplexing techniques: how can the signals 
in the two directions be distinguished (technique) and how can they be separated 
from each other (component)? It will also be considered how the sharing of 
components and equipment may help to reduce the costs of bidirectional trans
mission. Then there is the issue of crosstalk between signals in the two directions. 
The physical mechanisms that cause crosstalk were treated in chapter 3. This 
chapter considers the effect of these mechanisms on digital signal transmission28• 

The cases of direct detection and coherent detection are treated separately, because 
of the intrinsic differences between the two detection types. Coherent detection 
systems detect the amplitude of the received signal and the frequency/phase 
difference with respect to the local oscillator signal, whereas direct-detection 
receivers detect only the optica! power (=amplitude squared). Coherent detection 
is highly frequency selective, which direct detection is not. Also (bidirectional) 
optical amplifiers will be considered. Optical amplifiers provide gain, so larger 
power budgets are possible (larger distances, larger size of passive optica! 
networks, see chapter 2). However, optica! amplifiers introduce noise and they 
may cause mutual interaction between channels. There may also be enhanced 
multiple reflection noise and enhanced crosstalk from Rayleigh backscattering in 
the case of bidirectional optical amplifiers. This chapter discusses the different 

2"rhis chapter eonsiders only the bidirectional transmission of digital signa!. Analog 
signa! transmission over optica! fibre is almost exclusively used for the distribution of analog 
CATV signals, which is an unidirectional application. Analog transmission sets very 
stringent specifications on the signal-to-noise ratio and the linearity of the system. The main 
reason that analog transmission is applied for CATV, is to be compatible with the existing 
analog CATV network over coaxial copper cables. It may be assumed without due 
consideration that digital transmission will be applied in all other transmission systems. 
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transmission aspects theoretically and gives experimental demonstrations of several 
ofthem. 

The strncture of this chapter is as follows. Section 4.1 makes a conceptual 
comparison of the different types of duplexing techniques and duplexers. 
Thereupon it gives a survey of bidirectional systems which have been presented in 
the literature. Section 4.2 and 4.3 consider the bidirectional crosstalk from 
reflections and Rayleigh and Brillouin scattering, in direct detection and coherent 
detection systems, respectively. Section 4.4 considers optical amplifiers and bi
directional transmission. 

4.1 Bidirectional multiplexing 

This section treats the various techniques for bidirectional multiplexing 
("duplexing"), and gives an answer to the question: how can the signals in the two 
directions be distinguished? A special optica! component is required to combine or 
separate two (or more) optica! signals. In case of unidirectional transmission this 
component is called "diplexer", whereas for bidirectional transmission it is a 
"duplexer". Most of the techniques and components used for diplexing can also be 
used for duplexing. Often some components or equipment can be shared by the 
two channels, when bidirectional transmission is applied, so costs are reduced. 

The strncture of this section is as follows. Subsection 4 .1.1 discusses the duplexing 
techniques. Subsection 4.1.2 gives a survey of several transceiver designs, that 
have been proposed and/or demonstraled in the literature. Subsection 4.1.3 
presents several designs for bidirectional optica! amplifiers. 

4.1.1 Duplexing techniques29 

This subsection discusses first the "domains" at which the duplexing takes places 
("how can the signals in the two directions be distinguished?"). Thereupon the 
different types of duplexers are considered. 

29Jlle discussion of duplexing techniques was also published in 
M.O. van Deventer, 'Bidirectional optical-fibre communication,' PTT Research monograph 
9101, October 1991. 
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Duplexing domains 

There are at least eight domains30 in which duplexing may take place. 
• Space domain 
• Direction domain 
• Wavelength domain 
• Time domain 
• Subcarrier domain 
• Polarisation domain 
• Code domain 
• Coherence domain 

These domains are discussed below. All of the domains, except the direction 
domain, are also used for unidirectional multiplexing. Therefore the conventional 
terms and abbreviations will be used. Some of the duplexing domains have the 
(intrinsic) property that bidirectional crosstalk is suppressed, e.g. the space 
domain, where there is no bidirectional crosstalk at all. The "crosstalk -suppression 
ratio" of the different duplexing techniques will be treated in subsections 4.2.2 and 
4.3.2. 

Space domain 

Space-division multiplexing (SDM) is the most obvious way of bidirectional 
communication: having a physically separated transmission medium, e.g. a secoud 
fibre or a secoud physical network for the return path. The term "physical 
network" is used to emphasise that the hardware of the network is meant. The 
advantages are the independent operation of the transmission in the two directions, 
the avoidanee of bidirectional crosstalk and the avoidanee of duplexers (extra 
costs, transmission loss). Therefore virtually all operational bidirectional (point-to
point) optica! fibre systems use two fibre transmission: international, submarine, 
internode, but also local area network systems like FDDI (Fibre Distributed Data 
Interface). 

However, bidirectional communication over a single fibre would save the costs of 
the extra fibre including splices. This saving is moderate for point-to-point links, 
compared to the costs of duplexing, especially when ribbon cables and splices are 
used. The largest saving is found in the local exchange where only half of the 

3~he concept of a "multiplexing domain" is not precisely defined. One may argue e.g. 
that the subcarrier domain and the wavelength domaio together are one domain, viz. the 
frequency domain. Ho wever, this argument is beyond the scope of this thesis. 
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space and half of the number of connectors are required to terminate the fibre 
links. Moreover, there is no risk that transmitter and receiver fibres are mixed up 
this way. In contrast to point-to-point links, the price of duplication of an entire 
(passive) optical network (see section 2.1.) may be relatively higher. Therefore 
duplexing over a single physical network may be an economically more viabie 
solution. 

The following part of this subsection will implicitly assume that there is 
bidirectional transmission over a single fibre or physical network. 

Direction doma.in 

Direction-division multiplexing (DDM) is the most straightforward way of 
imptementing bidirectional single-fibre transmission [4.1], [4.2]. The only way that 
the signals can be distinguished from each other is their direction of propagation. 
The advantage of DDM is its simple implementation, since it does not put 
constraints on the transmission equipment. A large disadvantage is that reflections 
and Rayleigb backscattering will produce direct crosstalk between the bidirectional 
signals. This puts a severe limitation on the power budget, see subsections 4.2.1, 
4.2.3 and 4.3.1. Therefore DDM will only be used in networks in which the 
power budget is not the main issue. An example of such network is the Sloten 
network with CATV as well as digital telephone transmission (chapter 1 and 
section 2.1). Here, the size of a passive op ti cal network is determined by the low 
power budget of the CATV -system, and by practical aspects, such as having the 
distribution point close to the subscribers. Only a fraction of the potential power 
budget of the digital telephone system is used. 

Wavelength doma.in 

Wavelength-division multiplexing (WDM) and optical-frequency-division 
multiplexing (OFDM) use different optical frequencies for the signals in the two 
directions [4.3], [4.4]. The terms WDM and OFDM refer to the same multi
plexing technique: the use of different optical frequencies for different channels. 
WDM usually refers to the case that there is a channel spacing of more than 1 nm 
and that fixed optical filters (or wavelength multiplexers) are used to separate the 
channels. OFDM usually refers to the case of very close channel spacing, less than 
0.1 nm. The term OFDM is often used in the context of coherent detection. HD
WDM (high density WDM) is a third term that is sometimes used for a WDM 
direct-detection system with narrowband tunable optical filters and a channel 
spacing of less than I nm. The advantage of WDM/OFDM is that there is in 
principle no crosstalk between the two directions, provided that the quality of the 
optical filtering is sufficient, see subsection 4.2.3. This property makes WDM 
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especially popular in bidirectional systems. A disadvantage of WDM is that once 
two wavelength windows have been chosen, they cannot readily be altered and this 
may be an impediment in some communication system designs. One implemen
tation of bidirectional WDM is the "highpass!lowpass" implementation. i.e. wave
lengtbs below a certain value are used for signals in one direction, wheras wave
lengtbs above this value are used for signals in the other direction. This implemen
tation is reasonably wavelength tolerant. Coherent detection is intrinsically suited 
for OFDM, because of its wavelength selectivity, see subsections 4.3.1 and 4.3.2. 

Time domain 

Time-division multiplexing (TDM) divides the signals into "packets of bits", which 
are transmitted in different time-slots. TDM is usually called time compression 
multiplexing (TCM) in the context of bidirectional transmission. Also the term 
"ping-pong" is often used. Here, the optical link is used altematingly in the two 
directions. Therefore there is no bidirectional crosstalk. The TCM technique 
requires a signalling protocol, which is technically relatively simple to implement. 
Therefore TCM is quite often applied for bidirectional transmission (e.g. [4.5], 
[4.6]). TCM reduces the power budget, since each channel is used only half of the 
time, so the momentary bitrate per channel should be (slightly more than) doubled 
to obtain the same capacity. Bitrate doubling requires (at least) 3 dB more power 
budget. A disadvantage is the "guard time" to switch between the two directions, 
which should be at least twice the link propagation time (e.g. 2 times 0.2 ms in a 
fibre links of 20 km). The implementation of TDM is impractical for high bitrate 
systems, since then large buffers are required to store the bits that can not be 
transmitted immediately. 

Subcarrier domain 

Subcarrier multiplexing (SCM) modulates the signal on a subcarrier. The channels 
are filtered out after detection by electrical filters (using electrical heterodyne 
techniques, for example). This technique is often used to transmit (analog) CATV 
signals over fibre. Therefore equipment is commercially well available. A dis
advantage of SCM is that the receiver sensitivity is readily decreased compared to 
baseband transmission. This penalty is caused by the fact that part of the optical 
power is used for the subcarrier [4.7]. The penalty is larger in case of subcarrier 
multichannel transmission, because of a reduced modulation index in the case of a 
single laser transmitter with several subcarriers and coupling losses in the case of 
several transmitters with each a single subcarrier. SCM may be applied in 
bidirectional communication systems by using different (groups of) subcarrier 
frequencies for the two directions [4.8], [4.9], [4.10], [4.11], [4.12]. This way the 
need for a signalling protocol (TCM) is avoided. However, unlike the 
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unidirectional system, the bidirectional system is not free of crosstalk from 
reflections and Rayleigh backscattering. This is explained in more detail in 
subsection 4.2.2. 

Polarisation domain 

Polarisation-division multiplexing (POLDM) makes use of two orthogonal polari
sation states for transmitting two signals at the same frequency. This technique is 
well known from satellite communication as "reuse of frequency". POLDM is also 
possible in optical fibre communication, since polarisation orthogonality is 
preserved (see subsection 3.2.3). POLDM is sometimes used in optical fibre 
communication to double the transmission capacity (e.g. [4.13], [4.14]). Bidirect
ional POLDM was first introduced for coherent systems in [4.15]. POLDM does 
not reduce the crosstalk from reflections, compared to DDM. The reason is that a 
reflection reverses the handedness of the polarisation. In the worst case, the light 
is circularly polarised at the reflection point and is reflected with the orthogonal 
state of polarisation. This is treated in detail in subsection 3.2.2. Moreover, 
POLDM requires some type of polarisation handling (=extra costs), because the 
state of polarisation of light fluctuates in optical fibres, due to temperature changes 
and movements of the fibre (handling, vibration from traffic). Therefore, POLDM 
alone is not viabie for bidirectional transmission. However, coherent systems do 
already require polarisation handling and in that case the combination with polari
sation duplexing can be interesting. The combination of duplexing and coherent 
detection is investigated in more detail in chapter 5. 

Code domain 

Code-division multiplexing (CDM) modulates all bits by a high bitrate code. A 
channel can be identified from its code. This technique is also referred to as 
"spread spectrum", since the spectrum spreads out because of the code 
modulation. CDM is applied in radio communication to reduce the susceptibility to 
narrowband noise sourees (like other transmitters). Moreover, CDM provides 
some security, since the signal can not be identified or received without knowing 
the code. Other channels are seen as just some extra noise on the received channel. 
CDM has been considered for application in passive optical networks [4.5], 
because of its intrinsic security and because it avoids the signalling protocol that is 
required for TDM. However, the CDM technique is not particularly interesting for 
application in bidirectional systems, since it does not eliminate bidirectional 
crosstalk and since it is only applicable for moderate bitrates. 



4. Transmission aspects 173 

Coherence domain 

Coherence-division multiplexing ("COHDM", also called "path-difference 
modulation") is based on an optical delay, that is larger than the intrinsic 
roberenee length of the optical source. Since the delay must be much sborter than 
one bitlength, it requires a low-coherence souree Iike an LED. The signal is 
recovered using an interferometer with the same delay as at the transmitter. 
Different cbannels use different delays. Also the combination of COHDM with 
CDM is possible [4.16]. The COHDM technique may be applied for bidirectional 
transmission [4.17], but it is also not particularly interesting. It does not eliminate 
bidirectional crosstalk, the implementation is difficult and coherence-division multi
plexing can only be applied for moderate bitrates because of fibre dispersion. 

Duplexers 

The following six components have been proposed/used for duplexing, see Fig. 
4.1. 

• Two-fibre splitter 
• Coupier 
• Wavelength splitter 
• Polarisation splitter 
• Optical switch 
• Optical circulator 

al d) @ PBS 

~ ~=e~ -- -

b) el 
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Fig. 4.1 Duplexers: a) Two-fibre splitter, b) Coupler, c} Wavelength splitter, 
d) Polarisation splitter, e) Optica! Switch, f) Optica! circulator. 
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Each of these components may be used for duplexing in one or several of the eight 
duplexing domains mentioned above. This is discussed below. 

Two-fibre splitter 

The two-fibre splitter is simply a box, which separates two fibres of a cable to a 
transmitter and a receiver. lt is obvious that this duplexer is only used for SDM. 

Coupier 

The optical coupler is the most commonly used duplexer [4.1], [4.2], because of 
the low costand good availability. The coupler is applied for DDM, TDM, SCM, 
CDM and COHDM. lt mayalso be applied for WDM and POLDM, provided that 
some filters (optical filters, polarisation filters) are used to perform the selection 
function. 

A coupler has four ports. When used as a duplexer only three ports are used. The 
fourth port is terminated to avoid reflection from this port. For an ideal device, the 
splitting ratio is 50%/50%, independent of the wavelength and the state of polari
sation of the light. The use of a coupler as duplexer results in a power loss of 6 
dB in the power budget. This occurs, because half the optical power is lost during 
combination in the first coupler at one end of the system and half of the remaining 
power is lost during separation in the second coupler at the other end of the 
system. 

The optimum splitting ratio is 50%/50% in case of a symmetrical system, i.e. a 
system that bas the same power budget for both directions. For an asymmetrical 
system the optimum will be different. For example an optical "video-on-demand" 
system requires a large power budget to send the high bitrate video signals, 
whereas there is a much lower bitrate for the other direction and a smaller power 
budget is required there. The calculation of the optimum splitting ratio is as 
follows, see Fig. 4.2. The output power of transmitter TXl is P11 • The light of 
TX1 is received by receiver RXl, which has a sensitivity (minimum required input 
power) of P,1• Similarly, the output power of transmitter TX2 is P12 and de sensi
tivity of receiver RX2 is P,2• The two couplers have a power-splitting ratio of 
x:(l-x) and y:(l-y), respectively. The fibre loss between the couplers is given by 
the fraction 'Y (0 < 'Y < 1). N otice that usually the fibre transmission loss is 
expressed in dB. If the fraction 'Y of the power at the fibre input is received at the 
fibre output, then the fibre lossis -10*log('Y) dB. This fraction 'Y must have some 
minimum value, given by the power budgets of the two transmission systems. 
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and 
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(1) 

(2) 

In the optimum case (taking x and y such that 'Y is minimised, satisfying bath {1) 
and (2)) the splitting ratios of the two couplers are equal and given by 

(3) 

As expected, the optimum splitting ratio is 50%/50% for the symmetrical case 
(PttfP,t =P a1P,2). 

Fig. 4.2 Optimum splitting ratio in case of an asymmetrical system. see text. 

The oldest form of a eaupier is the (nonpolarising) beam splitter, which can be a 
glass plate or a cube made of two prisms. Usually a special coating is applied to 
obtain the desired properties (splitting ratio, polarisation independence). In fibre 
technology the most commonly used type is the fused coupter [4.18]. Other types 
are "polished" couplers and integrated optical couplers. Sametimes the coupter bas 
no fourth portand the duplexer is aso-called "Y-branch". 
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Wavelength splitter 

A wavelength splitter has three terminals, say A, B and C. Light having a 
partienlar wavelength travels from A to C and vice versa, whereas the same 
applies to light of a specific other wavelength and port B and C. 1t is applied for 
WDM by using one wavelength for one direction and a secoud wavelength for the 
other direction [4.3], [4.4]. Advantages of the wavelength splitter are the absence 
of the principal loss of the conpier and the completely passive operation of the 
component. 

Polarisation splitter 

A polarisation splitter operates similar to a wavelength splitter, but it separates two 
orthogonal polarisations instead of two wavelengths. It is applied for POLDM. 
Like the wavelength splitter, the polarisation splitter is completely passive and it 
avoids the principal loss of the coupler. 

Optical switch 

The principal loss of the couplers can be avoided in a TCM system by using 
optical switches as duplexers, instead of the couplers. This solution does not seem 
worthwhile since optical switches are relatively expensive components, whereas 
TCM is only used for low bitrate ( =low cost) applications. Therefore it is not 
surprising that we have found no references to this technique in literature. 

Optica! circulator 

An optical circulator is a nonreciprocal component that guides all light from the 
input port to the central port, and from the central port to the output port (e.g. 
[4.19]). The operation of the circulator is described in section 3.1. The optical 
circulator requires no drive or control and does not have the principal loss of the 
coupler. 1t is especially designed for DDM, but it may also be used for WDM, 
TCM, SCM, COHDM and CDM. Only the application to POLDM would not 
make sense, since special measures were taken in the design of the optical 
circulator to obtain polarisation independence. Since the optical circulator is a 
complicated and therefore expensive component, it is not often used in optical 
communication systems. 



4. Transmission aspects 177 

Summary 

Table 4.2 summarises the different multiplexing techniques discussed above. 

Table 4.2 Comparison of duplexing techniques (Disadvantages of a duplexing technique are 
in italics). 

Domain ~mponent Remarks 

Space Two-fibre splitter Most simpte 
No crosstalk from reflections 
No loss in power budget 
Costs of doubling the network 

Direction Coupier Simpte and inexpensive 
Fundamental 6 dB loss 
(3 dB per coupter duplexer) 

Optical circulator No fundamental loss 
High costs 

Wavelength Wavelength splitter No fundamental loss 
No crosstalk from reflection 
Less flexible 

Coupier Requires op ti cal filters or coherent 
(Optical circulator) detection 

Time Coupier Simpte 
(Optical circulator) 3 dB penalty for doubling bitrate 

Optical switch Only for moderate bitrates 

No fundamental loss 
High costs 

Subcarrier Coupier Reflection crosstalk reduced, but nol 
(Optical circutator) eliminated 

lncreased electrical complexity 
At least 3 dB penalty for subcarrier 
multiplexing 
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Domain Component Remarks 

Polarisation Coupier Only in combination with coherent 
detection 

Polarisation splitter 

No fundamental loss 
Costs of the component 

Code Coupier Limited application 
(Optical circulator) 

Co herenee Coupier Limited application 
(Optical circulator) 

4.1.2 Transceiver design 

The choice of whether or not to deploy bidirectional transmission, is usually a 
choice of costs and benefits. On the one hand bidirectional transmission requires 
extra costs of hardware for duplexing, and sometimes also for crosstalk suppres
sion. On the other hand it saves the costs of duplicating an entire optical trans
mission network. More costs may be saved by an integrated transceiver design. 
"Transceiver" is bere used as a system that bas an electrical input, an electrical 
output and a common optical port. It comprises the functions of a transmitter, a 
receiver and a duplexer. This subsection gives a brief survey of such an integrated 
transceiver design in five categories. 

• Opto-electronic integration 
• Multifunctional use of laserdiodes 
• Reflective modulator 
• Coherent transceiver design 
• Bidirectional optical amplifier as booster/preamplifier31 

31The construction of bidirectional optical amplifiers is treated in subsection 4.1.3. The 
operation of bidirectional amplifiers in transmission systems is treated in subsections 4.4.2 
and 4.4.3. 
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Opto-electronic integration 

The three functions of a transceiver (transmitter laser, optical receiver, duplexer) 
can all be integrated on a single opto-electronic integrated circuit (OEIC). Several 
of these transceiver integrations have been published in literature, see Fig. 4.4. 

• Ref. [4.20] presents a monolithic integrated wavelength duplexer-receiver on 
InP: a photodiode plus JFET are integrated with the wavelength splitter on 
one OEIC. 

• Ref. [4.21] integrates a (Mach Zehnder) wavelength duplexer, a coupler, a 
DFB laser and a monitor photodiode on a single OEIC. 

• Sometimes the three functions can not be individually distinguished. Ref. 
[4.22] presents integrated circuits for l.3JLml1.5~tm duplex transmission, that 
are based onthefact that lasers and photodetectors for 1.3JLm transmission are 
transparent for 1.5 ~tm signals. 

The reason for opto-electronic integration is that OEICs have the potential to 
greatly reduce costs. However, this cost rednetion has not been demonstrated yet 
at the time of writing this thesis (1994). 
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Fig. 4.4 Opto-electronic integration of a transceiver. 
a) Wavelength duplexer-receiver for bidireclional communication [4.20]. 
b) Schematic diagram of monolithically integrated DFB laser-wavelength 

duplexer transceiver OEIC [4.21]. 
c) Architecture of exemplary in-line 1.5pmTx/1.3t-tmRx and 1.3~-tmTxl 1.5~-tmRx 

duplex OEIC [4.22]. 
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Multifunctional use of laserdiodes 

Another type of integration uses the fact that laserdiodes and semiconductor laser 
amplifiers can also be used as optical filter and/or photodetector, albeit with a 
somewhat poorer performance, see Fig. 4.5. 

• The most straightforward form is given in [4.23], which describes a single 
laserdiode in a transmitter/receiver circuit with time compression multiplexing 
(TCM). 

• Ref. [4.24] uses a Fabry-Pérot laser as FSK discriminator/photodetector for 
1.5 Gbit/s. 

• Ref. [4.25] uses a DFB laser, biased below threshold, as a tunable optical 
filter with optical amplification. Biased above threshold, the laser may serve 
as transmitter. 

• Full duplex communication is demonstraled in [4.26]. Here a DBR laser is 
used as local oscillator and optical mixer simultaneously by extracting the 
heterodyne signal from the bias current. 

• Ref. [4.27] demonstrates the simultaneous use of a semiconductor optical 
amplifier as amplifier, detector and modulator. 

• Another full duplex system uses a narrow-band resonant semiconductor laser 
optical amplifier as amplifier, detector, modulator and optical filter [4.28]. 
Crosstalk from reflections is eliminated by using subcarrier multiplexing. The 
complete system was published in [4.29]. 

Two more examples of the multifunctional use of laserdiodes worthwhile 
mentioning are: 

• Ref. [4.30] uses a semiconductor laser amplifier as booster, phase modulator 
and as optical on/off switch. 

• Ref. [4.31] uses one of the pump lasers of an erbium-doped fibre amplifier for 
backward transmission of signalling information. 
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a) 

Modulation 
Signal 

Fig. 4.5 Using laserdiodes as transceiver. 
a) Laserdiode used as transmitter/photodiode in a TCM system [4.23]. 
b) Laserdiode used as self-oscillating mixer [4.27]. 

DATA 
OUT 

The use of a laserdiode as transceiver has the benefit that it saves a photodiode and 
a duplexer. The elimination of the duplexer eliminates also the insertion loss of 
this components (3 dB in case of a coupler duplexer, see subsection 4.1.1). 
However, there are several factors that reduce the power budget. First the 
quanturn efficiency of laserdiode as photodetector is worse than that of a photo
diode. Moreover, the coupling efficiency to the laserdiode is worse than that to a 
photodiode. Since the laserdiode is directly exposed to reflections from the fibre/ 
network, it may even be required that the coupling efficiency to the fibre is 
reduced. Therefore the use of a laserdiode as transceiver is only useful in low-cost 
systems, where the power budget is not the main issue. 

Rejlective modulators 

Some concepts omit the transmitter laser at one side and use a reflective modulator 
instead, see Fig. 4.6. 

• In Ref. [4.32] this reflective modulator is a Michelson interferometer. 
• Ref. [4.33] combines the duplexer and the reflective modulator in a single 

integrated optie component, see Fig. 4.6. Here, the reflective modulator is 
built as a Michelson interferometer. The phase modulator sets the optical 
phase between the two lights and modulates so the power of the reflected 
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light. Part of the light is passed through the reflective facet of the LiNb03 

substrate and is coupled to the photodiode. 
• Ref. [ 4 .17] uses coherence modu1ation ( "path delay modulation", see 

subsectien 4.1.1) for the signal the light in one direction and intensity 
modulation with a reflective modulator (polarisation modulator plus polariser 
and rnirror) in the other direction. 

• Ref. [4.34] uses a reflective phase modulator. The signal is received by self
heterodyning. 

• The schemes mentioned above have all the disadvantage, that the light from 
the laser passes the optical fibre twice, thus halving (in dB) the possible power 
budget. This disadvantage is reduced when a reflective optical amplifier is 
used [4.35]. 

al 

bl 

Fig. 4.6 Using a reflective modulator. 
a) Principle. 
b) Combined reflective modulator and duplexer, see text [4.33]. 

The use of a reflective modu1ator bas the benefit that it saves a transmitter laser. 
Disadvantages are the halving of the power budget as mentîoned above and the 
intrinsic reflection sensitivity. Application of a reflective modulator may be 
interesting in an asymmetrical system, which requires a high optical power in one 
direction, wheras the power budget requirements for the other direction are less 
severe. An example of such asymmetrical system may be an optical "video-on
demand" system as discussed in subsectien 4 .1.1. 
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Coherent receiver design 

A drawback of coherent systems, that is mentioned often, is that they require an 
extra laser as local oscillator, when compared with direct detection. In a bidirect
ional system, the transmitter laser can be used as local oscillator as well (at the 
expense of the power budget), see Fig. 4. 7. 

• Ref. [4.36] reports on a coherent 565 Mbit/s DPSK bidirectional transmission 
system in which one laser is used as local-oscillator laser and transmitter laser 
(with extemal phase modulator) simultaneously. 

• Ref. [4.37] proposes a similar system using direct laser modulation and 
subcarrier multiplexing. 

• The loss due to splitting the light may be compensated by a semiconductor · 
type booster amplifier [4.38], which may be less expensive than the extra 
single-mode laser. 

Another aspect of coherent detection is polarisation handling. Much cost can be 
saved when the polarisation handling is shared by more channels, both unidirec
tionally and bidirectionally. This aspect is extensively treated in chapter 5. 

--

Fig. 4.7 Coherent transceiver with transmitter laseralso used as local oscillator 

Coherent-detection systems are considered commercially uninteresting at the time 
of writing this thesis (1994). However, if coherent transceivers will be deployed in 
future, the cost rednetion from the transceiver designs mentioned above will 
become interesting. 

Bidirectional optical amplifiers as booster/preamplifier 

Optical amplifiers are used to increase the power budget of an optical transmission 
system, see sections 2.1 and 4.4. The power-budget increase can be obtained by 
applying the optical amplifier as booster amplifier (high output power), as in-line 
amplifier (optical gain) or as optical preamplifier (low noise figure, only for direct-
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detection systems32
). In case of bidirectional transmission a transceiver may con

tain both a booster amplifier for the transmitter and a preamplifier for the receiver. 
However, it is possible to combine the functions of the two amplifiers in a single 
bidirectional amplifier33, see Fig. 4.8. 

r-----~~~~-------~~ 
I 
I 
I 
I 
I 
I 

L-----------------~ 
Fig. 4.8 A bidirectional optica! amplifier used simultaneously as booster amplifier and 

preamplifier in a WDM direct-detection transceiver. 

The combined use of a bidirectional amplifier as booster/preamplifier bas the 
benefit that it saves an optical amplifier. Moreover, it saves the 3 dB loss of the 
coupler as well, both for the transmitter and the receiver! This can be seen as 
follows. 

• A booster amplifier is usually operated in deep saturation. This means that the 
output power is not largely reduced when the input power is reduced (see 
section 4.4). If the booster is foliowed by a coupler, the output power is 
reduced by 3 dB. In the case of bidirectional amplification (Fig. 4.8) the 
output power is directly coupled to the fibre. 

• The saturation of the amplifier does not influence its performance as 
preamplifier too much. Only a limited amount of gain is required to evereome 
the receiver noise. In subsectien 4.4.3 it is demonstrated in an experiment, 
that the noise figure of a bidirectional amplifier is only slightly increased, 
when the gain is saturated by 10 dB. So if the amplifier is put in front of the 

32The sensitivity of direct-detection receivers is usually determined by the thermal noise 
of the front end. Optica! preamplifiers may be used to improve the receiver sensitivity up to 
its fundamental limit, the shotnoise limit. Optica! preamplification doesnotmake much sense 
in coherent detection systems, since these are already shotnoise limited in principle, see 
section 4.3. 

33The construction of bidirectional amplifiers is discussed in subsection 4.1.3. 
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coupler, instead of between the coupter and the receiver, the 3 dB signal 
reduction by the coupler is avoided [4.39]. 

It is possible to shield the bidirectional amplifier from reflections in this 
application by placing two optical isolators, one between the transmitter and the 
optical amplifier and one between the receiver and the amplifier, see Fig. 4.8. 
This way the effects of amplified multiple reflections (subsections 4.4.2 and 4.4.3) 
are avoided. 

Condusion 

When comparing the costs of system duplication and those of the application of 
bidirectional transmission over a single fibre/network, not only the savings in 
network costs should be considered, but also the savings from opto-electronic 
integration and from the combination of the functionalities of the transceiver! 

4.1.3 Bidirectional optical amplifier configurations 

Optical amplifiers are usually equipped with optical isolators, which make them 
unsuited for bidirectional transmission, in principle. However, it is possible to 
construct optical amplifiers for bidirectional transmission. Bidirectional optica! 
amplifiers may be interesting both as booster/preamplifier (subsection 4.1.2) and 
as in-line amplifiers (section 2.1). This subsection will consider the configuration 
of bidirectional optical amplifiers. 

The most simple configuration for an optical amplifier is obtained by just omitting 
the optical isolators34

, since the operation of optical amplifiers is reciprocal, see 
section 3.1. The omission of the optical isolators makes the bidirectional amplifier 
less expensive than a conventional unidirectional amplifier. However, several other 
configurations have been proposed in literature, see Fig. 4.9. 

• Ref. [4.40] demonstrates the use of a unidirectional erbium-doped fibre 
amplifier (EDFA) in a circuit, which combines and separates the bidirectional 
signals with wavelength splitters. The application of WDM (see subsection 
4 .1.1) makes this bidirectional amplifier configuration insensitive to op ti cal 
reflections. 

~he consequences of bidirectional arnplification without isolators are treated in 
subsections 4.4.2 and 4.4.3. 
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• Ref. [4.41] uses a combination of two wavelength splitters and two optical 
isolators to have both optical isolation at all wavelengths, and bidirectional 
transmission. 

• Ref. [4.42], [4.43] and [4.44] propose the use of two separate EDFAs to 
decouple the saturation in the two directions. Here, each EDFA can have 
optical filters and isolator(s) or circulators. In [4.42] the pump laser is shared 
by the two erbium-doped fibre amplifiers. 

Conciosion 

This subsection discussed in short some configurations for bidirectional amplifiers. 
The simplest contiguration is even less expensive than a unidirectional amplifier, 
since the (costs of) the optical isolators are omitted. There are also configurations 
that use WDM and optical isolators to eliminate the influence of reflections and 
configurations that decouple the noise and saturation properties of amplifier in the 
two directions. 
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Fig. 4.9 Bidirectional amplifier configurations. 
a) Bidirectional amplification with unidirectional optica! amplifier [4.40]. 
b) Bidirectional amplifier with optical isolation [4.41]. 
c) Double optica! amplifier with shared pump laser [4.42]. 
WDM: wavelength multiplexer, EDF: erbium-doped fibre, OF: optica! filter. 
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4.2 Crosstalk in a bidirectional direct-detection system 

Bidirectional direct-detection systems are intrinsically sensitive to crosstalk from 
reflections and Rayleigh backscattering, since the crosstalk is directly coupled to 
the receiver in case of direction-division multiplexing (DDM, see subsecdon 
4 .1.1). The influence of bidirectional crosstalk may be reduced or elirninated by 
using one of the other duplexing techniques, e.g. WDM, TCM or SCM. This 
section treats the influence of crosstalk for the different duplexing techniques and 
the consequences for the system design. 

The structure of this sectionis as follows. Subsection 4.2.1 investigates the penalty 
for crosstalk from reflections and Rayleigh backscattering. Subsection 4.2.2 con
siders the influence of the duplexing technique on the crosstalk. lt will be shown in 
an experiment, that a subcarrier multiplexed system is not immune to bidirectional 
crosstalk. Subsection 4.2.3 evaluates the consequences for bidirectional system 
design. 

4.2.1 Reflections and Rayleigh backscattering'35 

Fig. 4.10 shows a bidirectional direct-detection system with crosstalk from 
reflections and Rayleigh backscattering. The crosstalk will degrade the perfor
mance of the receiver. Therefore extra optical power is required to achieve the 
desired transmission quality, usually a certain BER (bit-error rate). This extra 
optical power is the "penalty". First the penalty is calculated fora single reflection 
and then for Rayleigh backscattering. The case of several discrete reflections will 
be discussed at the end of this subsection. 

35This subsection is based on 
P.P. Bohn, S.K. Das, 'Return loss requirements for optica! duplex transmission,' Joumal 

of Lightwave Technology, vol.9, no.3, pp.243-254, 1991, and 
R. Kart, P. Gysel, 'Crosstalk penalties due to coherent Rayleigh noise in bidirectional 

optica! communication systems', Joumal of Lightwave Technology, vol.9, no.3, pp.375-380, 
1991. 
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Fig. 4.10 A bidirectional direct-detection system with crosstalk from reflections and 
Rayleigh backscattering. 

Single reflection 

Fig. 4.11 shows the case of a single reflection: the crosstalk is directly added to 
the signal. The following assumptions are made in the calculation: 

• the receiver has a PIN photodiode, 
• the dominating noise at the receiver is thermal noise with Gaussian noise 

statistics, 
• both signals are intensity modulated binary digital signals, NRZ (non-return

ta-zero), with an infinite extinction ratio (ratio between power of a "1" and a 
"0"), 

• the signals have the same bit rate, 
• the signals are in the same wavelength window, 
• the signals have different central wavelengtbs (no coherence effects, power 

addition of crosstalk and desired signal}, 
• the crosstalk ("x"} and desired signal ("s") are bit synchronous (worst case), 
• the Os and ls have equal probability of occurrence (p(s=O)=p(s=1)= 1h and 

p(x =0) =p(x = 1) = lh) 
• the decision level is the average received power (optimum decision level in 

this case). 
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Fig. 4.11 Crosstalk from a single reflection. a) desired signa!, b) crosstalk, c) resulting 
waveform. 

There are four signal states to consider in the detection process for the desired 
signal: 

sll: desired signal = 1, crosstalk signal = 1, 
s10: desired signal = 1, crosstalk signal =0, 
s01 : des i red signal = 0, crosstalk signal = 1 , 
s00 : desired signal=O, crosstalk signal=O. 

The total bit-error rate (BER) is the weighted average of the conditional error 
probabilities of these four states. The problem is symmetrical: equal probability of 
Os and 1s, optimum decision, and signai-independent Gaussian noise. The condi
tional probability of error of state sll and s00 are equal: 
pisll)=p.(s00)=p.(s=x). The same is true for the states of s10 and s01 : 

P.(s10)=p.(s01)=p.(s;:éx). The BER canthen be written as 

BER=!(p (S*-X)+p (s=x)} 
2 e e 

=tH p·::· H p·::·JJ 
(4) 
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Here p. is the conditionat probability of error. P, and P, are the average optica! 
power of the signal and the crosstalk, respectively, given by 

P =I(P(s=O)+P(s=l);'=IP(s=l) s 2 s s 2 s 

]( l P =-P (x=O)+P (x=l))=-P (x=l) x 2 x x 2 x 

(5) 

u; is the equivalent noise varianee at the optica! input of the receiver. lt is given 
by (see e.g. [4.45]) 

(6) 

Here h is the Planck constant, f is the optica! frequency, 1'/q is the quanturn 
efficiency of the photodiode including coupling losses, q is the charge of an 
electron, N1h is speetral density of the thermal noise of the front end photodiode 
current (dimension A2/Hz or Ns) and B. is the equivalent niose bandwidth of the 
front end. 

The Q-function is the distribution function, betonging to the Gaussian probability 
density function [ 4 .46] : 

(7) 

As can be seen from (4), the crosstalk signal effectively decreases the signal to 
noise ratio when s;:t:x, whereas it boosts the desired signal when s=x. We shall 
make the following approximation: 

JP-P l BER"'~l san x 
(8) 

For zero crosstalk power, equations (4) and (8) are the same. Fora large crosstalk 
power equation (8) overestimates the BER by a factor of two, since then the first 
term of equation (4) beoomes much larger than the second term. However for a 
BER <to-s the signal to noise ratios are in error by less than 0.2 dB [4.47], since 
the BER is a very steep function of the signal to noise ratio. 
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The penalty is calculated from the required increase of the (optica!) power of the 
signal to obtain the same BER. 

1 
'so 

1- px 
P, 

Penalty=-lOlog( 1- ;:) 

(9) 

For example, a 0.5 dB penalty occurs for a crosstalk/signal power ratio of 0.1 
( =-10 dB). The penalty becomes infinite when the crosstalk and the signa! powers 
are equal. Then the desired signa! cannot be discriminated any more. Notice that 
the final expression in (9) is independent of the receiver noise. For a larger 
receiver noise more signal power is required to obtain a certain BER, and equally 
more crosstalk power is required to give a similar degradation. Equation (9) is also 
independent of the selected BER. The penalty versus crosstalk/signal ratio is 
shown in Fig. 4.13, in the following part of this subsection. 

Rayleigh backscattering 

The crosstalk calculation is different when there is more than one reflection point. 
The different contributions to the crosstalk come from the same optica! souree and 
thus have the same optical frequency. Therefore the addition of these contributions 
is coherent, i.e. the complex amplitudes of the contributions should be added. The 
term "coherent addition" refers to the addition of complex amplitudes, whereas the 
term "incoherent addition" refers to the addition of optica! powers. If the 
difference in optica! frequency between the optica! signals is much larger than the 
bandwidth of the receiver, then incoherent addition applies. If this is not the case, 
then one should take the phases of the contributions into account: coherent 
addition. This is explained in more detail in subsection 3.2 .1. 

The crosstalk power will fluctuate, because of the fluctuating phase differences 
between the contributions. Rayleigh backscattering can be considered as the total 
of a (very) large number of (very) small reflections distributed over the optical 
fibre, see section 3.3. 
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We shall calculate the crosstalk penalty for crosstalk from Rayleigh backscattering. 
Besides the assumptions made for the calculation for a single reflection, extra 
assumptions are: 

• the linewidth is such, that the souree coherence Iength is smalt compared to 
the effective Iengtb of the fibre36

, but much larger than a bit length, 
• all crosstalk contributions have the same state of polarisation, 
• the decision level is again the average received power (used in practice), 

which is not tbe optimum decision level bere. 

These assumptions will be discussed later on in this subsection. 

The components of the backscattered complex amplitude vector are sums of a large 
number of (almost) independent and identically distributed contributions from 
distinct fibre sections. Tbus, due to the central limit theorem, Rayleigh back
scattering asymptotically beoomes an ergodie zero-mean circular complex Gaussian 
random process [4.48]. The optica! power (wbich is proportional to the square 
modulus of tbe amplitude) bas then an exponential probability density function. 

P:?.O (10) 

Here Pis the instantaneous value of the backscattered power, and P, is the average 
value. From equation (10) we read, that the probability density is the largest near 
P=O, whereas it deercases for larger P. This is because there are many smalt 
reflections added with a random optical phase. The probability that many of these 
contributions add in phase is much smaller than the probability that many of these 
contributions cancel each other. This is illustrated in Fig. 4.12. 

3Ó'fhe effective Iength is defined as Lerr=(I -e·"L)/a, where L is the fibre length and a is 
the fibre attenuation coefficient. For small fibre lengtbs the effective length is equal to the 
fibre Iength, whereas for large fibre lengths the effective length is the absorption Iength. 
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Fig. 4.12 a) Addition of complex veetors with random phases. 
b) Exponential distribution of the backscattered power. 

The calculation of the BER is now an integral over the probability density function 
of the backscattered power. 

(11) 

It is not possible to derive an explicit expression of the penalty for a selected BER. 
However, equation (11) can be solved easily numerically. The result is shown in 
fig. 4.13 for a BER of 10-9

• A 0.5 dB penalty occurs fora crosstalk/signal ratio of 
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-17.5 dB, and the penalty steeply increases with this ratio. For a crosstalk/signal 
ratio of -16 dB there occurs a BER-floor of 10-9, the penalty becomes infinitely 
large. 
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Fig. 4.13 Penalty for crosstalk from reflections and Rayleigh backscattering, at a BER of 
w-•. Horizontal axis: ratio belWeen average crosstalk power and signa! power at 
the receiver input. Solid line: many reflections or Rayleigh backscattering. Dasbed 
line: single retlection. 

Discussion 

Apparently a much larger amount of crosstalk (-10 dB at 0.5 dB penalty) can be 
tolerated from a single reflection, than from Rayleigh backscattering ( -17.5 dB at 
0.5 dB penalty). This is due to the fact that a single reflection gives a fixed 
crosstalk power, whereas several reflections or Rayleigh backscattering give a 
fluctuating crosstalk power, and therefore a fluctuating signal-to-noise ratio. The 
BER is a steep function of the signal-to-noise ratio and the average BER will be 
mainly determined by signal-to-noise ratios that are below the average signal-to
noise ratio. 

Many assumptions have been made in the calculation of the crosstalk penalties. A 
PIN-pbotodiade receiver was assumed. The alternative is an avalanche pbotodiade 
(APD). The advantage of an APD in a direct-detection system is the higher 
sensitivity because of the photo-multiplication. However the degradation by 
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crosstalk is also larger, because of the extra multiplication noise. Ideally, the 
dominant noise souree in an APD receiver is the signal shotnoise and the noise 
term u" is proportional to ",[P., instead of being constant as in a PIN receiver (see 
equation (6)). So if there is crosstalk present, the signal power should be increased 
to compensate for the crosstalk, but it should be increased even more to 
compensate for its own increased shotnoise. In [4.47] it was calculated that the 
penalty will be more than a factor of 2 (in dB) worse in an APD system (single 
reflection). 

The assumption that all crosstalk contributions have the same state of polarisation 
is a worst-case assumption, but this is not true. In section 3.3 it was demonstrated 
that the degree of polarisation of Rayleigh backscattering is 33% and not 100%. 
Therefore in practice about 3 dB more crosstalk can be tolerated for a given 
penalty [4.47]. 

Another assumption was that the souree coherence length is smal! compared to the 
effective length of the fibre, but much larger than a bit length. This is also a 
worst-case assumption, but a reasanabie one. The lengthof a bit is less than 10 m 
(bitrate ;;:::: 155 Mbit/s), the typical coherence length of laserdiodes is a few 
hundred meter and fibre lengtbs are usually a few tens of kilometers, or more. 
When the linewidth is comparable or larger than the bitrate (coherence length 
smaller than a bit length), the fluctuations in the backscattered power are filtered 
by the receiver. The result is that the probability density function of the back
scatlered power beoomes more concentrated around its average value and more 
crosstalk can be tolerated for a given penalty. Por àvT=3 (product of linewidth 
times bitrate) and a penalty of 0.5 dB, a crosstalk/signal ratio of -9 dB can be 
tolerated [4.47]. Thus, it may be possible to reduce crosstalk penalties due to 
Rayleigh backscattering by using broader optical sources. Often linewidth 
broadening does already occur intrinsically in the laserdiode, since with direct 
modulation the intensîty modulation is accompanied by frequency modulation 
(chirp). 

The two signals were assumed to have a different central wavelength. This is 
virtually always true in double-souree systems. However, in subsection 4.1.2 also 
single-souree systems are considered, which use a retlective modulator for the 
backward signal. In such systems the penalty for crosstalk is much more severe, 
since there is coherent interference between the backward signal and the 
backscattered crosstalk. As stated in [4.47] there is already a 0.5 dB penalty fora 
crosstalk/signal ratio of -30 dB. 
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Only two extreme cases have been considered in this subsection: crosstalk from a 
single reileetion and crosstalk from many small reilections, viz. Rayleigh 
backscattering. In the case of a single reileetion it is the data modulation (the Os 
and ls) of the crosstalk signal, that causes the crosstalk penalty. In the case of 
Rayleigh backscattering the data is averaged out (bit length much shorter than the 
effective fibre Iength) and the crosstalk penalty originates from the power 
iluctuations caused by the iluctuating phase differences between the backscatter 
contributions. The penalty for the case that there are several discrete reilections 
will be between these two extreme cases. On the one hand, the data modulation 
effect will get averaged out if the number of reilections increases. On the other 
hand the magnitude of the power iluctuations will increase if the number of 
reilections increases. The calculation for Rayleigh backscattering can he used as a 
worst case approximation: many small reilections. 

Coneinsion 

In this subsection the crosstalk penalty was calculated for a bidirectional direct
detection system with a single reileetion and with Rayleigh backscattering, using 
some simplifications. It was found, that a single reileetion causes a smaller 
crosstalk penalty than many small reilections or Rayleigh backscattering. In the 
worst case (the latter) the crosstalk penalty is 0.5 dB at a BER of 10-9 for a 
crosstalk-to-signal power ratio of -17.5 dB. 

4.2.2 lnfluence of the duplexing techniques 

Subsection 4.1.1 identified a total of eight domains on which duplexing techniques 
are based. Some of the duplexing techniques have intrinsic suppression of cross
talk. This will he treated in this subsection. The "crosstalk-suppression ratio" of a 
duplexing technique will be introduced and considered for the different multi
plexing techniques. Especially the subcarrier multiplexing technique {SCM) will be 
considered, including an experiment. Specification of the required crosstalk
suppression ratio will be treated in subsection 4.2.3. 

Crosstalk-suppression ratio 

The "crosstalk-suppression ratio" of a duplexing technique is defined bere as "the 
increase of the crosstalk-signal power ratio at the common port of the transceiver 
required to yield the same crosstalk penalty as a simHar transceiver with direction
division multiplexing". This defmition is somewhat arbitrary, since "a similar 
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transceiver" is not precisely defined and the desired bit-error rate and penalty 
should be specified. The definition is practical in the sense that treats the 
transceiver as a black box: the definition is independent of the receiver sensitivity 
and optical losses within the transceiver. 

Let us look at the crosstalk-suppression ratio of the different duplexing techniques. 

• The crosstalk-suppression ratio of DOM is equal to one (0 dB) by definition, 
independent of the choice of the duplexer: coupler or optical circulator. 

• The crosstalk-suppression ratio of SOM and TCM is infmite, since the cross
talk can not reach the receiver. 

• The crosstalk-suppression ratio of WDM is the ratio between the loss of the 
filter (optical filter, wavelength splitter or lP-filter in case of coherent 
detection) for the signal wavelength and the crosstalk wavelength. 

• The crosstalk-suppression ratio of POLDM is 0 dB in the worst case. Viz. if 
the light happens to be circularly polarised, it will be reflected with the ortho
gonat state of polarisation (see subsection 3.2.2) and all of the crosstalk power 
will reach the receiver. This is in contrast to the bidirectional case, where the 
crosstalk-suppression ratio of unidirectional POLDM can be better than 20 dB 
[4.13], provided that there is not too much coupling between the two polari
sation modes. The crosstalk-suppression ratio of POLDM is a factor 3 (5 dB) 
in the case that the dominant crosstalk mechanism is Rayleigh backscattering, 
since the degree of polarisation of Rayleigh backscattered light is 33% (see 
subsection 3.3.2). 

• The crosstalk-suppression ratio of SCM depends on its implementation. It will 
be shown below that the crosstalk-suppression ratio of SCM is not infinite in 
case of bidirectional transmission, even if the SCM equipment itself is free of 
crosstalk. 

• The crosstalk-suppression ratio of CDM will be simHar to that of SCM, since 
they are similar techniques. 

• The crosstalk-suppression ratio of COHDM is not considered in detail. lt may 
be larger than one, but is probably not very large, since the crosstalk power is 
directly coupled to the receiver. 

Subcarrier multiplexing 

Subcarrier multiplexing (SCM) and subcarrier multiple access (SCMA) are often 
used to transmit a set of narrowband channels over an optical network. Weil 
known is the use of SCM for the distribution of analog CA TV signals over a 
passive optical network. Three examples of subcarrier duplexing from literature 
are: 
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• SCM/SCMA is used for the downstream/upstream transm1sston of ISDN 
signals and signalling information for the coherent channels in the COSNET 
system (subsection 2.2.3) [4.8], [4.49]. Here one group of subcarrier channels 
is used for the downstream transmission of signals from the local exchange to 
the subscribers over a passive optica! network. A second group of subcarrier 
channels is used for the upstream transmission of signals from the subscribers 
to the local exchange. 

• The combination of downstream TDM and upstream SCMA are proposed and 
demonstraled in [4.9], [4.10] and [4.11]. The TDM used for downstream 
transmission is relatively simpte to imptement and makes the most effective 
use of the available electrical bandwidth, whereas SCMA for upstream trans
mission is less complex than its alternative TDMA, since SCMA does not 
require a complex timing protocol. 

• Another application of SCMA is given in [4.12]. Here the SCMA signals are 
used for the transmission of signalling information over a reflective star. A 
reflective star bas the property that an optica! signal at one port is transmitted 
to all other ports (including itself). 

In all these systems it is assumed that there is no bidirectional crosstalk, because 
the bidirectional signals are in different frequency (subcarrier) bands. 

The crosstalk-suppression ratio of SCM will be discussed qualitatively below. lt 
will be shown that the above mentioned assumption (absence of bidirectional 
crosstalk in subcarrier-duplex systems) is incorrect. 

In a unidirectional SCM system there is a negligible crosstalk between the different 
channels, provided that the electrical filters are sufficiently "sharp edged" and 
there is a negligible nonlinear distortion. The received subcarrier spectrum will be 
identical to the transmitted spectrum (except for the addition of receiver noise). 
This is different in a bidirectional system. In subsection 4.2.1 it was argued that 
the backscattered power fluctuates with a speed determined by the souree 
linewidth. The spectrum of the fluctuations is the self-homodyne spectrum of the 
optica! spectrum, since the effective length of the fibre is much longer than the 
souree coherence length. The spectrum of the backscattered light after detection is 
given by [4.50], [4.51]. 
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(12) 

Here B is the Rayleigh-backscatter fraction (see subsection 3.3.1), P. is the 
average signal power, S0(t) is the op ti cal spectrum, o( ·) is the Dirac impulse 
function and * denotes the correlation of two functions. The first term of equation 
(12) is a DC term. The second term is the self-homodyne term. 

Fig. 4.14 illustrates equation (12) with the following example: a laserline, that is 
externally amplitude modulated (AM) with an unmodulated subcarrier. The laser 
light bas a certain linewidth ( caused by phase noise). The two AM -sidebands are 
also broadened by this linewidth. In case of a single reflection, the optical phases 
of the carrier and the two AM-sidebands are identical, so the detected spectrum 
shows a sharp peak at the subcarrier frequency. However, in case of several 
reflections or Rayleigh backscattering the optical phases are uncorrelated, and the 
detected subcarrier is broadened by twice the laser linewidth, like self-homodyne/ 
self-heterodyne. 

al 

"0 
0 fs 

Fig. 4.14 Subcarrier multiplex. f,: frequency of the laser, f,: frequency of the unmodulated 
subcarrier. a) single reflection: sharp subcarrier peak, b) several 
reflections/Rayleigh backscattering: subcarrier broadened by twice the laser 
linewidth. 
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Experiment 

The broadening of the subcarrier by Rayleigh backscattering was demonstrated in 
an experiment. The set up is as in Fig. 4.14. The optical souree was a DBR laser 
with a linewidth of about 2 MHz. The light was extemally modulated using a 
Mach-Zehnder amplitude modulator. This modulator was driven by a sinusoirlal 
signal at 500 MHz (subcarrier frequency, unmodulated). The modulated light was 
led through a conpier to a 12 km long spooled fibre. The backscattered light was 
measured at the other port of the coupler with a lightwave spectrum analyser, 
which is essentially a photodetector foliowed by an electrical spectrum analyser. 
The measurement was repeated fora single reflection: the spool was disconnected 
from the conpier and the open fibre end served as 4% (power) reflection. This 
experiment is equivalent to the crosstalk between two SCM signals in a 
unidirectional system. 

Fig. 4.15 shows the result. As expected the spectrum from a single reflection 
shows a sharp peak at the subcarrier frequency, whereas the spectrum of the 
Rayleigh backscattered light is broadened. 
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Fig. 4.15 Subcarrier multiplex, experimental result. a) single reflection, b) Rayleigh 
backscattering. 
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Discussion 

The experiment showed that the backscattered carrier is broadened in a 
bidirectional subcarrier multiplexing system, because of the linewidth/phase noise 
of the optical source. So, whereas in a unidirectional system the subcarriers may 
be spaeed quite closely, in a bidirectional system the spacing should be larger. The 
SCM -system is actually quite comparable with a coherent system, since in a 
coherent system the spacing is determined by the beat-linewidth of transmitter and 
local-oscillator laser, whereas in a SCM-system it is the beat-linewidth of the 
optical souree with itself. 

Looking at three examples of subcarrier duplexing mentioned above, the first two 
(SCM/SCMA and TDM/SCMA for the downstream/upstream transmission of 
signals over a passive optical network) are viable, provided that a sufficiently large 
guardband is taken between the two groups of signals (two directions). However, 
the third example (SCMA over a reflective star) is not viable, because the larger 
guardband should betaken between all channels. 

Conciosion 

We conclude, that some of the duplexing techniques (POLDM, SCM, CDM and 
COHDM) have a worse crosstalk suppression than often is assumed. We showed 
that subcarrier duplexing requires a larger guardband between the (groups of) 
bidirectional channel than the guardband used for unidirectional SCM. 

4.2.3 System design 

This subsection evaluates the system design implications. First the limitations of a 
crosstalk-suppression ratio of 0 dB (e.g. DDM) is treated. Thereupon the specifi
cation of the crosstalk-suppression ratio is considered. 

Crosstalk--suppression ratio of 0 dB 

We shall assume a symmetrical system as in Fig. 4.16. The output power of the 
transceivers is Pu = P 12 = P~" The received signal power at the common port of a 
transceiver is Pr~=Pr2=Pr. P, is the average crosstalk power at the common port. 
B is the reflection/backscatter fraction, see subsection 3. 3 .1. 'Y is the transmission
toss fraction (0 ::::;; 'Y ::::;; 1). The received signal power and the crosstalk power are 
given by respectively 
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(13) 

and 

(14) 

In subsection 4.2.1 it was found that the crosstalk-to-signal ratio should be below a 
maximum value: 

(15) 

Combining equations (13), (14) and (15) gives 

-1 
y'è.B (X/S)ma:x. (16) 

Consequently, the transmission loss should be smaller than the backscatter fraction 
divided by the maximally allowed crosstalk-to-signal ratio. 

~ 
Pt 

~ --- CID TRX 1 TRXz 

Px ~B 
Pr r Pt 

Fig. 4.16 Symmetrical bidirectional system 

For the direct-detection receiver of subsection 4.2.1 it was calculated that 
X/Smax = -17.5 dB for the penalty of 0. 5 dB. The Ray leigh backscattering can be 
up to B=-32 dB for long ( ;:::20 km) fibre lengths, see subsection 3.3.1. Using this 
information, we find that the transmission loss over the common fibre path may be 
no more than 14.5 dB 32 dB- 17.5 dB). 

In optical communication, power budgets of digital systems are always much 
larger than 14.5 dB. Even a 10 Gbit/s systems may have a power budget of 30-35 
dB [4.52]. Therefore this 14.5 dB is a severe limitation of the power budget in 
bidirectional point-to-point links. But in some other systems costs may be more 
important than power budget. For example in the Sloten network (chapter 1 and 
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section 2.1) the size of a passive optical networkis determined by the low power 
budget of the CA TV -system, and by practical aspects like having the distribution 
point close to the subscribers. Only a fraction of the potential power budget of the 
digital telephone system is used. In such a system the limitation may be not so 
severe. 

Duplexing with crosstalk suppression 

We can also start the calculation from the other side: given a eertaio power 
budget, how much crosstalk suppression is required? The crosstalk-suppression 
ratio XSR is added in equation (15) as follows 

p 
__! s; XSR (X/S)~ 
P, 

(17) 

It is assumed that the transmission-toss fraction 'Y (P/Pt)is now equal to tbe power 
budget, i.e. P, corresponds with the sensitivity of the transceiver. Combining 
equations (13), (14) and (17) gives the minimally required crosstalk-suppression 
ratio. 

(18) 

Consequently, the specification of tbe crosstalk-suppression ratio is proportional to 
the power budget. lf the transmitted power is larger or the receiver sensitivity is 
better, tben a larger crosstalk suppression is required. 

An example: a bidirectional system witb 40 dB power budget (P/P,) available for 
the common patb requires at least 25.5 dB 40 dB - 32 dB + 17.5 dB) 
crosstalk suppression. In the case that WDM is applied, tbis 25.5 dB (plus some 
margin) is tbe required isolation between the two wavelengths. 

Condusion 

In general some form of crosstalk suppression should be used in a direct-detection 
bidirectional system, since plain full duplex causes a severe limitation in tbe power 
budget. Subcarrier multiplexing was found to be an unpractical metbod for 
crosstalk suppression (subsection 4.2.2), so one of the other methods should be 
used. This is specified in a (draft) ETSI Teehoical Standard: "The bi-directional 
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transmission scheme shall be based on one of the following procedures: SDM (2 
fibres, simplex), TCM (1 fibre, half-duplex), WDM (1 fibre, diplex)" [4.53]. 

4.3 Crosstalk in a bidirectional coherent system 

Bidirectional coherent systems are, in principle, not susceptible to crosstalk, 
provided that the channel spacing is chosen sufficiently large. However a zero 
bidirectional channel spacing bas the advantage that any coherent channel can be 
used twice, once in each direction, thus doubling the system capacity. A zero 
bidirectional-channel spacing corresponds with direction-division multiplexing 
(DDM), a non-zero channel spacing corresponds with optical frequency-division 
multiplexing (OFDM), see subsection 4.1.1. This section investigates the crosstalk 
in a bidirectional coherent system both theoretically and experimentally. 

The structure of this section is as follows. Subsection 4.3.1 investigates the penalty 
for crosstalk from reflections and Rayleigh backscattering for zero channel 
spacing. Subsection 4.3.2 considers other channel spacings, including channel 
spacings at which Brillouin scattering is of influence. 

4.3.1 Zero bidirectional channel spacing37 

In a unidirectional coherent multichannel system different frequencies are used for 
different channels. The number of channels may be limited by the available optical 
bandwidth, caused by the size of a specified transmission window or by the tuning 
range of the lasers. In a bidirectional system (e.g. a subscriber network with a 
single transmissive optical star) the bandwidth efficiency could be doubled by using 
the same set of frequencies for both directions (upstream and downstream). 

A useful component for bidirectional optical communication over the same optica! 
frequency is the Hermes-type reflective star. A reflective star coupter [4.54] bas 
the property, that light that is injected into a port is distributed over all ports, 
including the one from which it originates. So, this star can be used for full duplex 

37This subsection was also publisbed in 
M.O. van Deventer, 'Power penalties due to reflection and Rayleigh backscattering in a 
single frequency bidirectional coherent transmission system,' IEEE Photonics Technology 
Letters, vol.5, no.7, pp.85l-854, 1993. 
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communication over a single fibre from any port to any port. In [4.55] Hermes 
proposed a special reflective optical star topology, see Fig. 4.17. This star has also 
the property that light that is injected to a port is distributed over all ports, but not 
to the one from which it originates. This allows (coherent) bidirectional 
communication at the same optical frequency between any two different ports. 

b) 

Fig. 4.17 Hennes type reflective star coupler [4.55]. a) Smallest basic building block: one 
50150 coupler and two asymmetrie couplers. For the calculation of the splitring 
ratio of the asymmetrie couplers: see [4.55]. b) 6-port Hennes-star. c) 20-port 
Hennes-star. 

However, when the same frequency is used for two directions, the system will 
beoome more sensitive to reflections and Rayleigh backscattering from the 
remaining part of the network. This subsection investigates a bidirectional coherent 
system with zero channel spacing, both theoretically and experimentally. 
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The structure of this subsection is as follows. First the penalties for a single 
reflection and for Rayleigh backscattering are calculated. Then the experimental set 
up is described, the results are given, and compared with the calculations. Finally 
conclusions are drawn. 

Theory 

The bit-error-rate (BER) of a CPFSK (continuous-phase frequency-shift keying) 
receiver with modulation index m = 1, a single balanced front end, polarisation 
control and equally likely bits is [4.56] 

BER=!exp( -SIN) 
2 

(19) 

This expression is also valid for DPSK (differential phase-shift keying). It can also 
be used for wide-deviation FSK (frequency-shift keying) and ASK (amplitude-shift 
keying) by replacing SIN by 2S/N and 4S/N, respectively [4.56]. The signal-to
noise ratio SIN is given by 

(20) 

P, is the average received signal power, P10 is the local oscillator power, Berr is the 
effective noise bandwidth of the receiver, N m is the speetral density of the thermal 
noise of the front-end photodiode current (dimension A2/Hz or A2s), h is the 
Planck constant, f is the optical frequency, q is the charge of an electron and 'llq is 
the quanturn efficiency of the photodiodes including coupling losses. 

The signal term in equation (20) is proportional to the product of the optical 
powers of the received signal and the local oscillator. The two noise terros in 
equation (20) are the local oscillator shotnoise and the receiver noise, respectively. 
The secoud term becomes negligible if the local oscillator power is chosen 
sufficiently large. In that case the receiver reaches its fundamental limit: the 
shotnoise limit. 
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We shall rewrite equations (19) and (20) as follows, to facilitate the evaluation of 
the effect of crosstalk later on. 

BER=1exp( -P )a~ (21) 

with 

(22) 

Fora BER of w-9, the value of P/if. must be 20.0 and in case of shotnoise limited 
detection, the required received sîgnal power is 

ldeally Beff equals to the bitrate 1/T b and 'lq = 1. 

p =20hf 
s T 

b 

(23) 

(24) 

Since hf is the pboton energy, the received power equals to 20 photons per bit. 
For a BER of w-6 it equals toabout 13 photons per bit. 

In practice, the receiver sensitivity will be worse than this. There are many causes 
for transmission penalties (optica! losses, penalty for polarisation handling, 
insufficient local-oscillator power, phase noise, intensity noise, nonlinear distortion 
by the receiver electronics, etcetera). Many of these penalties can be taken into 
account by adding terms to if.. However, this is beyond the scope of this thesis. 
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A. Single reflection 

We assume a reflected signal, that is bit-synchronized with the received signal 
(worst case). When bits have the same value ("0" or "1 "), they have the same 
optical frequency and will interfere. The resulting signal power is given by (see 
also subsection 3.2.1) 

(25) 

Here cp is the optical phase difference between the signal and the crosstalk. Px is 
average power of the reflected signal (single reflection). As can beseen from (25), 
the crosstalk effectively decreases the signal when they have about opposite phases 
(eb near 1r), whereas it boosts the signal when they are about in phase (eb near 0). 
Assuming a random optical phase difference cp uniformly distributed over [0,211"], 
the resulting probability of error (p0), averaging over cp, is 

211 

Pe(s=x)=_!__J.!.exp( -P:(<I>)fa~d<l> 
21t 2 

0 
211 

= 2~ J ~exP(( -P Ja:)(l +2JP )Ps cos(<j>)+P )P8))d<l> 
0 

(26) 

10 is the zero-order modified Bessel function of the first kind. s and x are the 
values of the signal- and crosstalk bits ("0" or "1 "), respectively. The integral in 
(26) is dominated by values of cp near 1r, where the interterenee gives maximum 
signa! reduction. When the two bits are different the exact calculation is 
complicated. However, when the frequencies are different the maximum signa! 
reduction of (26} wil! not occur, so the BER will be smaller in this case: 

(27) 
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We approximate the resulting BER as 

BER=1(f e(s=x) +p e(s>'x)) 

<:,Pe(s=x) 

"'1exp( -P ja~)l0(2JP J> ja~) 

211 

(28) 

This may overestimate the BER up toa factor of two for large P, (in case Pe(sr!'x) 
would be much smaller than Pe(s=x) ). However a factor of two in the BER still 
results in an estimation of P, that is in error by less than 0.2 dB (this 
approximation was also used in subsection 4.2.1. [4.47]). Fig. 4.18 and 4.19 show 
the calculated BER curves and the resulting penalties. Fora BER < I0-6 the penalty 
fora single reflection is (almost) independent of the BER and the penalty becomes 
infinitely large when P, and P, are equal. This is consistent with our intuition, that 
for very high signal powers (negligible noise) bit-errors will occur only when the 
crosstalk and signal bit have a different value and the former is larger than the 
latter. This was also found fora bidirectional direct-detection system with a single 
reflection, see subsection 4.2.1. 

B. Rayleigh backscattering 

Rayleigh backscattering can be modelled as many smalt reflections. The complex 
amplitudes of the fields of these contributions are added with random optica! 
phases. The central limit theorem implies that a random variabie which is 
determined by a large number of independent causes tends to have a Gaussian 
probability distribution [4.46]. Therefore the Rayleigh backscattering field 
coefficient can be modelled as a zero-mean circular complex Gaussian (ccG) 
random variabie [4.48]. The varianee of the (complex) amplitude is equal to the 
average Rayleigh backscattering power, and the Rayleigh backscattering crosstalk 
can considered to be an additive noise term to the receiver noise 

1 [ ps l BER=-exp ---
2 a2+P 

" x 

(29) 

with P, now the average power of Rayleigh backscattering. Fora BER of I0-9 the 
exponent of (29) must be -20.0 (BER I0-6: -13.1) and the resulting penalty is (see 
also [4.58]) 
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Penalty= -10 Jo~ 1-20.0 ~:) dB (BER=lO-~ (30) 

Fora large Px there is a BER-floor at I0-9 for P,IP.=l/20 (-13.0 dB) and at 10-6 
for P.fP.=l/13 (-11.2 dB). Only a fraction of the Rayleigh backscattering is 
received in a polarisation control receiver, depending on the state of polarisation 
(SOP) and the degree of polarisation (DOP) of the Rayleigh backscattering: 

..!.(1-DOP)~ received fraction ~..!.(1 +DOP) 
2 2 

(31) 

Fig. 4.18 and 4.19 show the calculated BER curves and the resulting penalties. 
Applying a Taylor expansion to equations (28) and (29) shows that for small 
crosstalk the BER curves (and penalties) for a single reflection and for Rayleigh 
backscattering are equal. 
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BER=.!exp( -P Jo~ (1 + pspxl 
2 (o~2 

(32) 

Signal/Noise in dB 

Fig. 4.18 Ca1culated BER curves. 1: no crosstalk, 2: crosstalklnoise=O dB, 
3: crosstalk/noise= + 10 dB. Solid lines: single reflection, dashed lines: Rayleigh 
backscattering. 
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Fig. 4.19 Calculated penalties. 1: Rayleigh backscattering, 2: single reflection. Solid lines: 
BER=to-6, dashed lînes: BER=I0-9

• 

Experiments 

The purpose of the experiments is to verify the theoretically calculated penalties 
for crosstalk from a single reflection and from Rayleigh backscattering. First we 
shall give a description of the coherent transmission equipment. This equipment is 
also used in experiments in sections 4.3.2, 4.4.1, and 4.4.3. After that details of 
the experimental set up will be given. 
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• The coherent transmitters (TX) are DBR lasers (distributed Bragg reflector). 
This type of laser has three sections: the gain section provides optical gain, and the 
phase and Bragg sections can be used for frequency tuning. The operating 
wavelength is about 1537 nm. The intrinsic linewidth of the laser spectra is about 
2 MHz. Their output power is +6 dBm. The transmitter lasers are directly 
CPFSK (continuous-phase frequency-shift keying) modulated at 155 Mbit/s on the 
gain sections of the lasers. Manchester line coding was employed to overcome the 
nonflat DBR frequency-modulation response, i.e a "0" is transmitted as a "01" 
and a "1" as a "10". This way the "line bitrate" is 310 Mbit/s. The Manchester 
code does not give a penalty, in principle, compared to NRZ (non-return-to-zero), 
provided that synchronous decoding is applied [4.59]. The frequency deviation 
between mark and space was 395 MHz. The test pattem used for the evaluation of 
the BER is a 223-1 PRBS (pseudo-random binary sequence). 

• The coherent receiver (RX) has a single balanced front end and manual 
polarisation control is applied. The local oscillator is of the same type as the 
transmitter lasers and has a +6 dBm output power. The IF (intermediate 
frequency) was about 540 MHz: "0" at 345 MHz and "1" at 740 MHz. The IF 
filter is a 300-1000 MHz bandpass filter. The CPFSK signa! is demodulated by a 
delay-and-multiply demodulator. The post-detection filter was a 200 MHz lowpass 
filter. The choice of the IF frequencies and filters ensures that there is no crosstalk 
between the IF signal and the demodulated signal in the receiver. The Manchester 
code was decoded asynchronously by a differential detector that subtracts the first 
half of the line bit from the second half. The decision circuit was timed with the 
transmitter clock. Automatic frequency control was performed, to keep alllasers at 
the desired frequency difference relative to each other. The laser frequencies are 
coarsely tuned by temperature and fine tuned with the current through the gain 
sections. The phase and Bragg sections of the lasers were not used to avoid 
carrier-induced linewidth broadening. The receiver sensitivity is about -54.0 dBm 
at a BER of I0-9

, which is 10 dB from the shotnoise limit (-64.0 dBm). The 
receiver sensitivity at a BER of 10-6 is about -56.8 dBm. 

The experimental set up for the bidirectional crosstalk experiments is shown in 
Fig. 4.20. Two transmitters were used, TXl and TX2. The light of TX2 is sent 
through a long piece of fibre and its Rayleigh backscattered light is added as 
crosstalk to the light of TXl. The influence of crosstalk is evaluated by analysing 
its effect on the detected BER. 

Some more details: the two lasers operaled at the same optical frequency. For TX1 
a 223-1 pattem was used, for TX2 the inverse data. The light of TXl was sent 
through a variabie attenuator and a manual polarisation controller to the coherent 
receiver (RX). The light of TX2 was delayed with 500 m fibre to avoid data 
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correlation effects, and put through 11 km fibre via a 50/50 coupler and a PC
super PC connector. The backscattered light was sent through a second attenuator 
and polarisation controller to the RX. By disconnecting the 11 km fibre a single 
4% (power) reflection appeared at the open connector end. The signal to TX2 was 
timed so that the received bits from TX1 and the reflected bits from TX2 were 
exactly bit-synchronous. Por the addition of the two signals a 90/10 coupter was 
used to enable large amounts of Rayleigh backscattering at the RX. Por all 
measurements the state of polarisation of TX2 was aligned to have maximum 
crosstalk. 

The degree of polarisation of the Rayleigh backscattered light was measured by 
disconnecting the RX and measuring the maximum and minimum transrnittance 
through a polariser. The degree of polarisation of the Rayleigh backscattering was 
0.43 in the experiments, so -1.5 dB (equation (31)) of the Rayleigh backscattering 
was received. Notice that the degree of polarisation is somewhat different from the 
33%, that was calculated and measured in section 3. 3. This small difference is 
probably due to some polarisation dependent loss in the couplers that were used. 

---1 Data 

Fig. 4.20 

Results 

BER 
tester 

POLC 

Experimental set up to simulate the crosstalk from a single reflection and from 
Rayleigh backscattering in a bidirectional coherent transmission system with zero 
channel spacing. TXl, TX2: transmitters. TX2 is used as crosstalk souree to the 
signa! of TXl. Att: variabie attenuators. POLC: roanual polarisation controllers. 
LO: Local oscillator. RX: balanced receiver. 

The IF spectrum was identical for light received from TX1, reflected from TX2 
and backscattered from TX2, see Fig. 4.21. The reflection of the open connector 
was -14.0 dB (4%), the Rayleigh backscattering was -34.6 dB, the spurious 
reflection of the connector was -44.0 dB. The received eye pattem from TX2 with 
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the 4% reflection was identical to that of TXl, and the same BER curve was 
measured, see Fig. 4.22a and 4.23a. However, for the Rayleigh backscattered 
signal after the demodulator no eye pattem can be defined, see Fig. 4.22b. Fig. 
4.24a shows the measured penalties for crosstalk from a single reflection and 
Rayleigh backscattering. In Fig. 4.24b the measured penalties for Rayleigh back
scattering are corrected by 1.5 dB for the degree of polarisation of Rayleigh back
scattering, and the theoretica! results are included. The BER was adjusted at w-6 

(and not the usual w-~ every time, to enable faster measurements. The complete 
BER curves were also measured for a large reflection and Rayleigh backscattering 
of -50 dBm, see Fig. 4.23b. 

RL 0 00 dBm 
ATTEN 10 dB 
5.00 dB/DIV 

CENTER 580 MHz 
*RB 3.00 MHz *VB 3.00 kHz 

SPAN 1.000 GHz 
ST 333.4 msec 

Fig. 4.21 IF spectrum from TX2. a) 4% reflection, b) Raleigh backscattering, c) spurious 
reflection of connector. 
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a b 

Fig. 4.22 Received eye pattem from TX2, a) 4% reflection, b) Raleigh backscattering. The 
time-base was triggered with the transmitter clock. 
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Fig. 4.23 Measured BER curves. a} without crosstalk, b) large crosstalk (-50 dBm). 
x: single reflection, o:Rayleigh backscattering. 
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Fig. 4.24 Measured penalties. a) as measured, x: single reflection, o: Rayleigh 
backscattering, BER= 10-<>. b) corrected for degree of polarisation of Rayleigh 
backscattering, dashed: theory. 
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Discussion 

The experiments are clearly consistent with Rayleigh backscattering being 
modelled as zero mean circular complex Gaussian noise: there is a good fit 
between theory and measurement in Fig. 4.24. Also the shape of the BER curve is 
identical for only receiver noise and for dominating Rayleigh backscattering 
crosstalk (see Fig. 4.23), making plausible that the receiver noise and the Rayleigh 
backscattering have the same statistics38

• 

Por crosstalk from a single reflection, theory and measurements also agree quite 
well. Por smal! penalties (up to 1 dB) the tolerances for a single reflection and for 
Rayleigh backscattering are identical, whereas for higher penalties more crosstalk 
from a single reflection cao be tolerated, thao from ao equal amount of Rayleigh 
backscattering (Fig. 4.24). Por large crosstalk from a single reflection the BER 
curve is steeper thao that for Rayleigh backscattering, as expected (Fig. 4.18, Fig. 
4.23). We cao not explain the up to 2 dB difference between theory aod 
measurement that occurs for larger penalties. 

Por both types of crosstalk a 0.5 dB penalty occurs for -22 dB crosstalk/signal 
ratio. Por larger amounts of crosstalk, Rayleigh backscattering leads to higher 
penalties than an equal amount of crosstalk coming from a single reflection. So the 
Gaussiao statistics of Rayleigh backscattering can be used for a worst-case 
calculation of reflection sensitivity. We believe that for more than one reflection 
penalties will quickly converge to the penalties that are found for Rayleigh back
scattering, since the sum of many reflections will have Gaussian statistics (centra! 
limit theorem [4.46]). 

Conclusions 

A bidirectional coherent multichannel system is most sensitive to crosstalk from 
reflections and Rayleigh backscattering when the same set of frequencies are used 
in the two transmission directions. We calculated aod measured the crosstalk 

31Notice that the shape of a BER curve gives only information about a part of a 
probability-density function (its "tail") and not about the complete probability-density 
function. Por this reason we used "making plausible that" insteadof "therefore". 
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penalties for an asynchronous CPFSK system, and found that the measured 
crosstalk penalti es agree quite well with the theory. 

The penalties as a function of crosstalk/signal ratio are identical for a single 
reflection and for Rayleigh backscattering, for penalties below 1 dB. A 0.5 dB 
penalty occurs for -22 dB crosstalk/signal ratio. For larger amounts of crosstalk, 
Rayleigh backscattering leads to higher penalties than a single reflection. This is 
the same behaviour as in bidirectional direct-detection systems (subsection 4.2.1). 

The calculations in subsection 4.2.3 lead to the condusion that the required 
crosstalk/signal ratio of -17.5 (direct detection) already imposes an intolerable 
limitation upon the power budget. The requirement for bidirectional coherent 
detection with zero channel spacing is even 5 dB more severe: -22 dB. So this 
type of bidirectional communication is only possible by using short fibre links, 
since this way the amount of Rayleigh backscattering is reduced, or by tolerating a 
very large penalty. As for the Hermes-type reflective star, which was introduced at 
the beginning of this subsection: its operation has been demonstrated experi
mentally [4.60], but with a very high penalty of 14 dB [4.61]. Even when the fibre 
connecting the transceivers to the star was shortened to 1 m and the reflective star 
was distributed (2.2 km transmission), the penalty for Rayleigh backscattering was 
as high as 4 dB. 

We may well conclude that a zero-channel spacing should not be used in a bidirec
tional coherent system, since this leads to an intolerable limitation of the power 
budget. It is preferabie to choose the channel spacing so that the penalty for 
bidirectional crosstalk is negligible. This will be investigated in the following sub
section. 

4.3.2 Non-zero bidirectional channel spacinlf9 

In the former subsection it was found, that the power of the crosstalk should be at 
least 22 dB smaller than the signal power for zero channel spacing. For larger 
channel spacings a larger crosstalk power can be tolerated, as then only a fraction 
of the crosstalk spectrum is captured by the IF-filter (lntermediate Frequency), see 

3"This subsection was also publisbed in 
M.O. van Deventer, J.J.G.M. van der Tol, A.J. Boot, 'Power penalties due to Brillouin and 
Rayleigh scattering in a bidirectional coherent transmission system,' IEEE Photonics 
Technology Letters, vol.6, no.2, pp.291-294, 1994. 
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Fig. 4.25 [4.62], [4.63], [4.64]. In this subsection we shall investigate the cross
talk in a bidirectional system for non-zero channel spacings. We shall especially 
consider Brillouin scattering (see section 3.4), which introduces crosstalk between 
bidirectional channels at specific channel spacings. 

0 

IF-bandwitdh 

I -;( 

f1F+M 

__.... Frequency 

Fig. 4.25 Crosstalk in a coherent multichannel system is caused only by the pan of the 
spectrum of the not-wanted channel that is captured in the IF bandwidth of the 
desired channel. 

Fibre nonlinearities, Stimulated Brillouin Scattering (SBS) in particular, give a 
upper limit to the transmitted power [4.65]. A first type of limit occurs for high 
input powers exceeding the SBS-threshold, when most of the input power is 
scattered into a backward wave, which is downshifted by about 11 GHz (at 
À=1550 nm) in optical frequency. This limit bas been thoroughly investigated in 
literature. The SBS-threshold depends on the optical spectrum of the signal [4.66], 
[4.67] and can be improved (increased) by using a spread-spectrum scheme [(68]. 

A second type of limit occurs in bidirectional systems, where the backscattered 
wave can interfere with the backward propagating signals. It is mentioned in 
literature several times, that it is not wise to select a bidirectional channel spacing 
of 11 GHz, because of SBS (e.g. [4.69]). However, in case of a large number of 
channels and a limited available optical bandwidth (limited laser tuning range) such 
a choice may be unavoidable. To our knowledge, there is only one reference, that 
contains a system measurement [4.70]. This reference showed, that SBS can 
already introduce crosstalk at powers far below the SBS-threshold, but it did not 
systematically quantify the crosstalk. It is neither known whether there is only 
crosstalk from the higher frequency signal to the lower frequency counter
propagating signal nor whether the crosstalk is mutual. Nor is it known whether 
the lower frequency experiences gain or whether the power of the higher 
frequency signal is depleted. Also the polarisation properties of the crosstalk have 
not been studied in detail. 
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The purpose of this subsection is to thoroughly investigate the crosstalk caused by 
Brillouin scattering (and also Rayleigh scattering) in a bidirectional system. First, 
the effect of crosstalk will be calculated theoretically. Then the experiments are 
described and the results are presented. Thereupon a physical interpretation is 
given and the implications of the results are discussed. Finally some conclusions 
are given. 

Tbeory 

The crosstalk between channels in unidirectional multichannel coherent systems has 
already been studied extensively in literature (e.g. [4.63], [4.64]). The calculation 
for bidirectional channels is largely similar to the unidirectional case. The main 
difference is the inclusion of the effect of Brillouin scattering. Several 
simplifications will be made on the linewidth of the lasers, the modulation and the 
bandwidth of the intermediate-frequency filters. 

In subsection 4.2.2 the "crosstalk-suppressîon ratio" of a duplexîng technique was 
defmed as "the increase of the crosstalk-signal power ratio at the comrnon port of 
the transceiver required to yield the same crosstalk penalty as a simHar transceiver 
with direction-di vision multiplexing". In case of coherent detection this similar 
transceiver is a coherent transceiver with channel spacing zero. We shall assume 
that the dominant crosstalk process is Rayleigh backscattering in the case of zero 
channel spacing. 

When the channel spacing is unequal to zero, the received crosstalk power P~ is 
given by the part of the optical spectrum of the crosstalk, that falls within the 
intermediate-frequency bandwidth after coherent detection. Equations (29) and (30) 
are modified as follows 

1 [ p$ l BER=-exp ---
2 2 p' 0 n+ x 

(33) 

and 

Penalty= -lOlog(l-20.0 P:/Ps) dB (BER=10-~ (34) 

The crosstalk suppression ratio is the ratio of the total crosstalk power Px (the 
integral of the optical spectrum of the crosstalk) and the received crosstalk power 
p' x 
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(35) 

Assuming a negligible local oscillator linewidth, P~ can be calculated as 

f.+1B•ff f. -1flF+1B•ff 

P:= f S/f)df+ f S/J)df (36) 

I I 
f.--zBeff J.-2/IF-zBeff 

Here S,(f) is the optical speetral density of the crosstalk. f1F is the intermediate 
frequency, given by f1F= f,-f10, f10 being the local oscillator frequency. B.ff is the 
effective noise bandwidth of the coherent receiver (see also subsection 4.3.1). The 
linewidth of the local oscillator may be taken into account by using the IF line
width for the transmitter linewidth in the crosstalk calculations. The IF linewidth is 
the sum of the linewidth of the transmitter laser and the local oscillator in case of 
Lorentzian lineshapes. The second term originates from "coherent imaging", the 
coherent receiver receives signals at both the signal frequency f10 + f1p( = f,) and at 
the image frequency f10-fu,( =f,-2fJF) 40

• 

The crosstalk souree will assumed to be unmodulated. This assumption is allowed, 
since we are mainly interested in the "tails" of the optical spectrum, which are 
relatively unaffected by the modulation. Lorentzian lineshapes are assumed for the 
theoretical calculations: 

S(j)=P 2 àv 
0

" (&vi+4(/-/,l 
(37) 

Here fo is the optical frequency, Po is the optical power and dv is the linewidth of 
the laser. lt can easily be verified that 

40An exception is the so-called "image-rejection" coherent receiver, that suppresses the 
image frequency band. However, these are beyond the scope of this thesis. 
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(38) 

The optical spectrum of the backscattered light is the sum of Rayleigh and 
Brillouin backscattering. We shall assume that spectrum of the Rayleigh 
backscattered spectrum is about identical to the souree spectrum, since the 
linewidth broadening due to Rayleigh backscattering (in the order of several kHz) 
is negligible compared to the souree linewidth. This has already been demonstrated 
with Fig. 4.21. The nonlinear process of Brillouin scattering was treated in 
subsection 3 .4. Brillouin scattering results in two peaks in the op ti cal spectrum at 
about ..if8 = 11 GHz from the central peak. If it is assumed that the optical power is 
sufficiently low, so that there is no stimulated Brillouin scattering, then the two 
peaks have the same magnitude. The optical power of the Brillouin peak is 
proportional to the Rayleigh backscattered power. A Lorentzian Brillouin lineshape 
will be assumed with a linewidth .6.v8 . The spectrum of the backscattered signal is 
then found as 

(39) 

Here the first term is the Rayleigh backscattering with optical power PR. The 
second term is the Brillouin scattering at frequency f.-.1f8 and optical power P8 • 

The third term is the Brillouin scattering at frequency f. + ..if8 • The total crosstalk 
power is 

(40) 

Since it is assumed that P8 -<PR. 

The spectrum is assumed to be constant within the bandwidth Berr for optical 
frequencies, that are not near the peaks. With this assumption, P~ can finally be 
written as 
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for A/"'0, ancl A/"' -2/IF 

for Af"'±A/8 , ancl Af"'±A/8 -2hF 
elsewhere 

(41) 

Here Af=f.-f, is the biclirectional channel spacing. Notice that for the denvation of 
(41) many simplifications have been made. 

Fig. 4.26 shows the calculated crosstalk-suppression ratio for some parameters 
from the experiments later on in this subsection. A total of six "dips" are visible 
in this graph: one from Rayleigh backscattering plus its coherent image and two 
from Brillouin scattering plus their coherent images. The clips are rather sharp, 
because the calculation clicl not take the moclulation of the lasers into account. It 
can be seen that for a biclirectional channel spacing of 2 GHz the crosstalk-sup
pression ratio is alreacly more than 30 dB. As a reference, the crosstalk-suppres
sion ratio is also calculated for a unidirectional system. It is identical to the bidi
rectional case, except for the absence of "Brillouin clips". The consequences for 
the system design will be considered later on in this subsection. 
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Fig. 4.26 Calculated crosstalk suppression ratio versus frequency spacing. Parameters are 
f1F=540 MHz, t.v,=4 MHz (this is taking into account the local oscillator 
linewidth), fa= 10.9 GHz, Llva=40 MHz and PaiP.=O.Ol (-20 dB). 
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Experiments 

The purpose of the experiments is twofold. Firstly, we want to test the crosstalk
suppression ratio for an actual bidirectional coherent system and compare it with 
the crosstalk -suppression ratio for unidirectional transmission. Secondly, we want 
to characterise the spontaneons Brillouin scattering for relatively low input powers 
(below the Brillouin threshold, see section 3.4 )41 • Here we make use of the 
unique properties of coherent detection: its high sensitivity and its frequency 
selectivity. 

The experiments are performed in three set ups, see Fig. 4.27. 

• Set up 1 (Fig. 4.27a) tests the crosstalk from Brillouin and Rayleigh scattering 
by sending the signa! from transmitter TXl through a long piece of fibre and 
injecting the signa! from transmitter TX2 (crosstalk source) in the backward 
direction through a 50/50 coupler. The signa! from TXl is received by the 
coherent receiver RX. The same coherent transmission equipment is used as in 
subsection 4.3.1. An erbium-doped fibre amplifier (EDFA) is used to boost 
the power from the crosstalk souree above + 10 dBm. Optical attenuators and 
manual polarisation controllers are used to adjust the optica! powers and the 
states of polarisation, respectively. 

• Set up 2 (Fig. 4.27b) is used to test the crosstalk between the signals in a 
unidirectional system, as a reference for the bidirectional measurements. This 
set up is simHar to set up 1 , but now the light from TX2 is injected in the 
forward direction. 

• Set up 3 (Fig. 4.27c) is used to characterise the spontaneons Brillouin 
scattering for low input powers. In this set up the fibre is bypassed and the 
light from TXI is injected via couplers directly into the receiver. The light 
from TX2 is injected into the long piece of fibre and the backscattered light is 
coupled to the coherent receiver. 

The fibre length is 12.7 km, the attenuation is 0.19 dB/km, the Brillouin shift is 
10.88 GHz and the Brillouin linewidth is 40 MHz. An optica! isolator was put at 
the fibre input and all open fibre ends were terminated to eliminale optica! 
reflections. 

41 We could not find measurements of !ow-power Brillouin scattering in literature, since 
usually an optica! power meter is used to measure the stimulated Brillouin scattering. For 
low powers the Brillouin scattering is completely obscured by Rayleigh backscattering. 



226 

Crosstalk 
laser 

Crosstalk 
laser 

4. Transmission aspects 

Fig. 4.27 Experimental set ups. TXl, TX2: transmitters. POLC: manual polarisation 
controllers. Att: variabie attenuators. EDFA: erbium-doped fibre amplifier, used 
to boost the power of TX2. RX: single balanced coherent receiver. PM: power 
meter. 
a) Set up 1: TX2 light injected in backward directîon, to measure the crosstalk 

from Brillouin and Rayleigh backscattering. 
b) Set up 2: TX2 light injected in forward direction, reference measurement. 
c) Set up 3: TX2 light injected in backward direction and TX1 light through 

bypass, to measure the low power spontaneous Brillouin scattering. 
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Results 

Firstly, we measured the BER curves (set up 1). The channel spacing was set at 0 
GHz and ± 10.9 GHz, respectively, where we expect maximum crosstalk from 
Rayleigh and Brillouin scattering. The channel spacing is positive, by definition, 
when the optical frequency of the signal is larger than that of the crosstalk. The 
polarisation controllers were adjusted manually to have optimum reception and 
maximum crosstalk. The crosstalk power, the total of the Rayleigh and Brillouin 
power, was measured at point B. This power is mainly the power of the Rayleigh 
scattering, as the Brillouin power was much lower (see sections 3.3 and 3.4). A 
crosstalk power of -67.6, -48.0, and -47.8 dBm was required to give a 3 dB 
penalty for 0, -10.9 and + 10.9 GHz respectively. These powers are -58.2, -44.4 
and -43.9 dBm to obtain a 6 dB penalty. So the crosstalk required to give a 3 (or 
6) dB penalty is virtually the same for + 10.9 GHz and -10.9 GHz. All BER 
curves have the same shape, there is no indication of a BER-floor. 

Secondly, we measured the power penalty for a BER of 10-6 at different crosstalk 
powers (set up 1). The state of polarisation of the light from TX2 was adjusted to 
determine maximum and minimum crosstalk. The channel spacing was set at 0 and 
± 10.9 GHz. Since + 10.9 GHz and -10.9 GHzgave identical results, only the one 
for + 10.9 GHz is presented, see Fig. 4.29. First the signal power is adjusted to 
-57.5 dBm for a BER of 10-6. Then a crosstalk power is injected, and the signal 
power is increased to give a BER of 10-6 again. We see, that for larger penalties, 
the penalty increases linearly with the input power. Apparently the crosstalk 
behaves as a linear additive noise souree to the system noise, as it was modelled in 
equation (33). lt was also found that if the state of polarisation of the light from 
TX2 was adjusted to give minimum crosstalk, then 3 dB more crosstalk power can 
be tolerated for a given penalty, than when it is adjusted to give maximum 
crosstalk, both at 0 GHz and at ± 10.9 GHz. 

Thirdly, we measured the influence of the channel spacing (set up 1). Here, the 
power of the crosstalk (TX2) was adjusted to give a 3 dB penalty at a BER of 
10-6

, for each setting of the channel spacing. A BER of 10-6 and a 3 dB penalty 
were selected to allow fast and accurate measurements. All results can easily be 
translated to other BERs and/or penalties using the results of Fig. 4.28 and 4.29. 
Notice that this way the crosstalk suppression ratio is measured precisely according 
to its definition given earlier in this subsection. The result (Fig. 4.30a and Fig. 
4.30b) looks similar to the theoretica! result of Fig. 4.26. Three "dips" are visible, 
at which less crosstalk power can be tolerated. The central dip is from the 
Rayleigh backscattering, the other two dips are from the Brillouin scattering. The 
dips are bifurcated because of coherent irnaging. We repeated this measurement 
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for a modulated crosstalk laser and found only some slight differences near the 
eentres of the dips in the fine-stroeture of the curves. 
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Fig. 4.28 BER curves (set up l) for a 0, 3, and 6 dB penalty. *: no crosstalk. Channel 
spacing: o: 0 GHz, x: -10.9 GHz, +: + 10.9 GHz, see text. 
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Fig. 4.29 Penalty versus input power (point A) for two polarisations (set up 1). Solid lines: 
0.0 GHz (Rayleigh}, dasbed lines: + 10.9 GHz (Brillouin), +: identical 
polarisation, o: orthogonal polarisation. 
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Fig. 4.30 Maximum allowable crosstalk as a function of channel spacing (BER= w-•, 
penalty=3 dB). 
a) Bidirectional measurement. Vertical axis: the input power from TX2 at point 

A (set up 1). 
b) The same measurement, but now with at the vertical axis the received 

crosstalk power at point B (set up 1). 
c) Unidirectional measurement. Vertical axis: the crosstalk power at point B (set 

up 2). 
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Fourthly, we made a reference measurement of the influence of the channel 
spacing fora unidirectional system (set up 2). The tolerabie crosstalk is measured 
as a flmction of channel spacing, again for a BER of 10-6 and a 3 dB penalty, see 
Fig. 4.30c. Now only the central dip is present. The tolerabie crosstalk near 0 
GHz is about the same for Rayleigh backscattering (set up 1) and direct crosstalk 
(set up 2). Actually the direct crosstalk is 1.7 dB lower, because its degree of 
polarisation is 100%, whereas that of the Rayleigh backscattering is 33.3% [4.1l] 
(see section 3.3). 

Finally, we used the coherent set up to characterise the I ow-power Brillouin 
scattering (set up 3). The power of the signal of TXl is kept constant, while the 
attenuators 2 and 3 are adjusted simultaneously to keep the crosstalk level constant 
at point B (i.e. BER 10-6, penalty=3 dB). The results are given in Fig. 4.31. For 
low input powers, the powers at -10.9 and +10.9 GHzare the same and increase 
linearly with the input power. For higher input powers, the power at -10.9 GHz 
increases exponentially, whereas the power at + 10.9 GHz increases less than 
linearly. 
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Fig. 4.31 Backstattered power as function of injected (crosstalk) power. Both scales refer to 
the optica! powers at point A (set up 3). o: 0 GHz (Rayleigh), x: -10.9 GHz 
(Brillouin), +: + 10.9 GHz (Brillouin). 

Discussion 

The experiments clearly demonstrated that the crosstalk influence is the same at 
-10.9 and + 10.9 GHz. At low power, Brillouin scattering can be interpreted as 
reflection at thermally activated acoustical phonons (see section 3.4). The reflected 
light experiences a Doppier shift of -10.9 GHz or +10.9 GHz, depending on the 
direction of propagation of the phonons. Since the phonons have no preferred 
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direction of propagation along the fibre, the crosstalk powers from Brillouin 
scattering are the same. At these low powers the energy transfer between the 
channels (gain or depletion) is negligible. An asymmetry occurs for higher powers. 
Then the Brillouin process introduces gainat an optical frequency that is 10.9 GHz 
lower than the signal frequency, whereas the same process introduces depletion 
(attenuation) at an optical frequency that is 10.9 GHz higher than the signal 
frequency. This asymmetry can beseen in Fig. 4.31. 

The 3 dB difference for polarisation, that was observed in Fig. 4.29 corresponds 
to a degree of polarisation of the scattered wave of 33%. This can be explained 
from the properties of reflection [4.71], [4.72] (sections 3.3 and 3.4): linearly 
polarised light is reflected with the same state of polarisation, whereas circularly 
polarised light is reflected with the orthogonal state of polarisation. A veraging over 
all states of polarisation, assuming random distributed retardation in the fibre, 
results in a degree of polarisation of 33%. 

Although most experiments were made with an unmodulated crosstalk signal, the 
results are also valid in the presence of modulation. This is because we operate at 
optical powers far below the SBS-threshold. Fig. 4.31 showed that for these low 
powers Brillouin scattering is essentially a linear process. The optical spectrum of 
the backscattered signal is the convolution of the optical spectrum of incoming 
signal with the Brillouin spectrum [4. 73]. In our experiments, the Brillouin 
linewidth (40 MHz) was much smaller than the optical bandwidth of the modulated 
signal (about 500 MHz). So, whereas modolation increases the SBS-threshold 
because of the speetral broadening, there is little influence at low powers. This has 
been experimentally confirmed. 

Finally we shall evaluate the impHeation of the selection of the channel spacing on 
the power budget. We assume a symmetrical system. lt can be read from Fig. 
4.30a that, if the channel spacing is chosen at ± 10.9 GHz, the maximum allowed 
transmitted power (for a 3 dB penalty) at the fibre input is -15 dBm. Since the 
receiver sensitivity is about -54 dBm, the available power budget is limited to 39 
dB (-54 + 15) in this case. This power budget limitation is relatively independent 
of the receiver sensitivity (and the bit rate), because fora better receiver sensitivity 
less crosstalk can be allowed to have the same signal/crosstalk ratio at the 
receiver. This can be seen from equation (34), which is independent of the 
receiver noise. If a channel spacing of e.g. 3 GHz is chosen (instead of 10.9 GHz) 
then a transmitted power of more than +7 dBm is possible (instead of -15 dBm). 
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Conclusions 

We made a thorough experimental investigatiou of the crosstalk from Brillouin 
(and Rayleigh) scattering in a bidirectional coherent system, including the polari
sation properties. This crosstalk may lead to a power-budget penalty for the 
received signa! for specific channel spacings. The penalty was determined as a 
function of channel spacing and of the power inthereverse direction. The magni
tude of the backscattered signa! was measured. 

When the channel spacing in a bidirectional system is selected to be 10.9 GHz, the 
available power budget is limited to about 40 dB. This limitation is relatively 
independent of the bit rate and the receiver sensitivity. The crosstalk at 10.9 GHz 
channel spacing originates from low-power Brillouin scattering, where the 
stimulated Brillouin scattering is negligible. Therefore the crosstalk is the same for 
+ 10.9 GHz and -10.9 GHz. Our measurements confirm the predicted 33% degree 
of polarisation of the low-power Brillouin scattering. 

4.4 Optical amplifiers 

Optica! amplifiers are used in optica! communication systems to increase the power 
budget, as booster amplifier, as in-line amplifier or as optica! preamplifier (only in 
direct-detection systems). A principal advantage of optica} amplifiers, compared to 
opto-electronic repeaters, is their optica! transparency. In principle, the operation 
of the optica! amplifier is independent of the bitrate, the modulation format and the 
number of channels. The application of optica! amplifiers in (passive) optica! 
networks has been discussed in section 2 .1. 

An optica! amplifier may introduce interaction between the channels in a multi
channel system. One of the interaction mechanisms is saturation. An amplifier has 
a limited output power, and when the power of one (or some) of the channels 
becomes high enough, the amplifier gets saturated and the gain reduces. This 
reduced gain is also experienced by the other channels. A secoud interaction 
mechanism is the amplifier noise. The noise figure increases when the amplifier 
becomes strongly saturated. This is investigated in subsection 4.4.1. Also a third 
interaction mechanism is investigated: speetral broadening due to fibre amplifier 
phase noise. lt will be shown experimentally that this effect is absent/negligible. 

The operation of optica! amplifiers is intrinsically bidirectional. However, usually 
optica! isolators are used toshield the amplifier from reflections. Then the optical 
amplifier can be used only unidirectionally. Subsection 4.4.2 investigates the effect 
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of omitting the optica! isolators. Viz. in that case we have the influence of ampli
fied multiple reflection echoes. 

Finally subsection 4.4.3 gives the design of a bidirectional erbium-doped-fibre 
amplifier, its experimental characterisation and uni and bidirectional system experi
ments. 

4.4.1 Amplifier-induced interaction between channels42 

Multichannel transmission (OFDM, WDM) enables one to increase the capacity of 
an optica! fibre system without increasing the bitrate of an individual channel. 
Moreover coherent multichannel transmission allows for very flexible channel 
allocation because of the tunable transmitters and local oscillators. There are 
several mechanisms that cause mutual crosstalk between the channels. A minimum 
channel spacing is required (see subsection 4.3.2). In a coherent system, the 
spacing is mainly determined by the optica! bandwidth of the channel (modulation 
plus laser-linewidth) [4.62], [4.64], the choice of the IF-frequency [4.74] and the 
possible application of image-rejection receivers, see subsection 4.3.2. Some other 
effects are the excess shotnoise induced by the other channels [4.63] (usually very 
small), intermodulation beat products between adjacent channels [4.75] and 
nonlinear effects like four-wave mixing (FWM, see also section 3.5) [4.76], 
stimulated Raman scattering (SRS) [ 4. 77], stimulated Brillouin scattering (SBS) 
[4.69] and cross-phase modulation [4.78]. 

Optica! amplifiers are used to increase the power budget, offering larger 
transmission distances and/or higher splitting ratios. However, optica! amplifiers 
may also give an extra crosstalk penalty. At lower data rates intensity-modulated 
signals will modulate the amplifier gain (below 1 kbit/s for erbium-doped fibre 
amplifiers and below several Gbit/s for semiconductor laser amplifiers), whereas at 
higher data-rates the interaction between channels is the steady-state saturation of 
the amplifier [ 4. 79]. Heavy saturation will also increase the amplifier noise figure 
[4.80]. lncreased phase noise is expected due to the addition of spontaneous 
photons with random phase distri bution [ 4. 81]. This increased phase noise would 
result in speetral broadening. Ref. [4.82] describes an experiment in which a 
continuous-wave signa! was amplified by an erbium-doped fibre amplifier and by a 

42This subsection was also published in 
M.O. van Deventer, O.J. Koning, 'Crosstalk and channel spacing in a coherent multichannel 
system using erbium doped fibre amplifiers,' IEEE Photonics Technology Letters, vol.6, 
no.2, pp.260-262, 1994. 
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Raman fibre amplifier. The input signa! had a good Lorentzian profile (see 
subsection 4.3.2) over a 30 dB span. The amplified signa! showed the same 
FWHM (full-width half maximum) linewidth as the input signa!. However, 
significant speetral broadening was observed in the region above the noise floor, 
the profile of the amplified signa! remaining Lorentzian only for the first 15 dB of 
its amplitude. This result was found for both types of optica! amplifiers. 

Translating these results to coherent multichannel (CMC) systems we would expect 
that for larger channel spacings less crosstalk can be tolerated when EDFAs are 
employed, because of saturation, increased noise figure and speetral broadening. 
The purpose of this subsection is to determine the crosstalk toleranee of a CMC 
system as a tunetion of channel spacing withand without EDFA, and to delermine 
the influence of the various effects on the system performance. 

The structure of this subsection is as follows. Firstly, the effect of optical 
amplification on crosstalk toleranee is investigated theoretically, assuming 
negligible speetral broadening and a constant optieal-amplifier noise. Secondly, the 
experimental system is described, including the characteristics of the EDFA that 
was deployed. Thirdly, the results of the system measurements are given. 
Fourthly, the various effects are discussed, that we found in the measurements. 
Finally some conclusions are given. 

Theory 

Fig. 4.32 shows schematically an optica! transmission system with optica! 
amplifier. The received signa! power is 

... 

G > ffi) < P." s 

... 

p = Gp11 
s L s 

'Opticel I 
:Amplifier, 

G 

(42) 

... 

CID <CID:, El 
L · .. 

Fig. 4.32 Optica! transmission system with transmitter (TX), optical amplifier and receiver 
(RX), see text. 
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Here P: is the signal power at the input of the optica! amplifier, G is the optica! 
gain and L is the transmission loss between the optica! amplifier and the receiver. 
The noise at the output of an optica! amplifier can be modelled as follows 
[4.83t3

. 

I l 
NAsE=-NF(G-l)hf 

2 
(43) 

Here N.:.SE is the optica! noise density per polarisation mode at the output of the 
optica! amplifier (ASE: amplified spontaneous emission), hf is again the photon 
energy (the Plank constant times the optical frequency) and NF is the noise figure. 
Both the gain and the noise figure are functions of the optica! frequency. For a 
polarisation independent optica! amplifier the gain and noise figure are the same 
for both polarisation modes and the total (unpolarised) speetral density of the noise 
is 

(44) 

The noise figure is equal to 3 dB (NF=2) for an ideal quanturn Iimited optica! 
amplifier. The fact that it is not 0 dB (as for electronic amplifiers), arises from its 
definition. 

The signal-to-noise ratio of a coherent receiver (equation (20)) is now modified 
with an extra noise term. 

43Because of historica! reasons, there exist many different definitions for the noise tigure 
of an optical amplifier. Therefore it has become practice in literature, that an explicit 
definition is given when using a "noise figure". 
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s 
=-----------~~~-------------- (45) 

N 2q( :q; )P,oBeff + NthBeff + 2N~sELPtoBeff 

The extra noise term (third term in the denominator) is the received amplifier 
noise, which is the beatnote between the local-oscillator wave and the ASE44

• 

N..:.SE is used, since only one polarisation mode is received by a coherent receiver. 
This is also correct for polarisation diversity, since the extra noise from the secoud 
branch (diversity penalty) is the same for all three terms in the denominator of 
(45). The factor 2 originates from coherent imaging45

: noise is received from the 
spectrum around f10 +frF and f10-f1p, see subsection 4.3.2. When the optica) 
amplifier is operated as in-line amplifier, then the loss L between amplifier and 
receiver will be relatively large and the received amplifier noise will be relatively 
small. However, when the amplifier is operated as optical pre-amplifier, the loss 
between amplifier and receiver is small, so the received amplifier noise is the 
dominant noise term. Assuming a coherent system as described in subsection 
4.3.1, the BER ofthe preamplified system is 

1 ff !12 
BER=-exp(-P8 /on) 

2 

Here P: is the signal at the preamplifier input and 

(46) 

0 112 =hf NF(G-1) B + .!:_ h f B + .!:..!N B _1 ( h /)
2 

(47) 
n G ejJ Gn elf G2 th effp nq .,, ~ .,, 

Fora BER of w-9
, the value of P:/<r~2 must be 20.0. Since fora preamplifier G»L, 

the required received signal power is 

44In direct-detection receivers there can be additional noise from ASE-ASE beat. 
However as for coherent receivers, the LO-ASE beatnoise is much larger than the ASE-ASE 
beatnoise, since the local-oscillator power is much larger than the ASE power. Moreover, the 
ASE-ASE beatnoise is suppressed by the ba\anced detectors that are usually applied in 
coherent receivers. [4.84]. 

45It is because of this factor 2, that the noise tigure of an ideal optica! amplifier has 
been defined as 3 dB. 
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11 
Ps =20 hf NF B elf 

Ideally Berr equals to the bitrate 1/Tb and NF=2. 

P"= 40hf 
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b 
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(48) 

(49) 

So the sensitivity of an ideal preamplified coherent receiver equals to 40 photons 
per bit, whereas it is 20 photons per bit for the coherent receiver itself, see 
subsection 4.3.1. So it does notmake sense to use a coherent receiver in combina
tion with an optical preamplifier. 

A. Crosstalk 

The crosstalk from a neighbouring channel will be modelled the same way as in 
subsection 4.3.2. 

(50) 

Here Px and XSR are again the crosstalk power at the receiver input and the 
crosstalk-suppression ratio, but now an includes the noise from the optical 
amplifier. If the amplifier noise in not negligible, then a" is increased and the 
receiver sensitivity is degraded. The penalty for crosstalk is again found by setting 
the exponent of equation (50) equal to 20.0 (BER=l0-9

, see subsection 4.3.1). 

( 
xsw1 

Penalty=-lOlog 1-20.0 ----
ps 

dB (51) 

The crosstalk penalty is independent of a", since, if a larger signal power is 
required to overcome extra received noise, an equally larger crosstalk power is 
required to give a specific degradation. Therefore the crosstalk-suppression ratio is 
a good measure for testing the influence of the optical amplifier on channel 
spacing. If there is a nonnegligible speetral broadening as publisbed in [4.82], then 
the crosstalk-suppression ratio will be decreased when an optical amplifier is 
employed. Otherwise the crosstalk-suppression ratio will remain the same, 
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independent of the received amplifier noise. This test will be made in the 
experimental part of this subsection. 

B. Saturation and noise 

The output power of an optica! amplifier can never be higher than the total optical 
power that is supplied into the amplifier, i.e. the sum of pump power and input
signa! power. Therefore, if the input-signal power is relatively high, the amplifier 
gets saturated and the gain (the output-signal power divided by the input-signal 
power) becomes smaller than its small-signal value. Often the following empirical 
model of gain saturation is used in literature [4.85]. 

G (52) 

Here G0 is the small-signal gain, P;n is the total input power, P,.1 is the so-called 
saturated input power and n is a constant, which is usually in the order 0.7-0.9. 
This model is a black-box model, since it does not give insight in the operation of 
the amplifier. The parameters P,.1 and n should be determined experimentally. 

Equation (52) shows that saturation will cause mutual interaction between optical 
channels, since if the power of one channel is large enough, it will saturate the 
gain also for the other channels. In semiconductor-laser amplifiers the gain
recovery time is less than 1 ns, which is in the same order of magnitude as usual 
bitrates (155 Mbit/s-10 Gbit/s). Therefore if the strong signal is intensity 
modulated, the gain is modulated by this signa! and in this way will induce 
crosstalk to the other signals. In doped-fibre amplifier the gain-recovery time is in 
the order of ms, which is much larger than the usual bitrates. Therefore the mutual 
interaction between the channels will be the steady-state saturation of the amplifier. 

The noise figure of an optical amplifier will also increase when the optical 
amplifier gets saturated (see e.g. [4.80]). The physical mechanism is that 
saturation arises from a decrease of the population inversion in the amplifier, 
which results in a relatively increased noise. The amplifier noise will be only 
treated empirically and discussed qualitatively in this subsection and subsection 
4.4.3. Detailed information on optieal-amplifier construction and rnadelling can be 
found in e.g. [4.86], [4.87] and [4.88]. 
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Experiments 

The purpose of the experiments is to test/demonstrate the influence of an optical 
amplifier on a multichannel system. A commercial erbium-doped fibre amplifier 
(EDFA) is used for this. First, the gain and the noise of the optical amplifier are 
characterised and the influence of the EDFA on linewidth is tested in a self
heterodyne experiment. Thereupon a two-channel coherent-system experiment is 
performed with and without EDFA to test the influence of the EDFA on the 
required channel spacing. 

A. Optical amplifier characterisation 

The optical amplifier used in the experiment is a commercial EDFA with 38 dB 
small signal gain at À= 1537 nm and a noise figure (NF) of about 7 dB (only 
signal-ASE beatnoise). The gain was measured with a lock-in amplifier using an 
80 kHz modulated -40 dBm extemal cavity laser at À= 1537 nm as probe source. 
The intensity modulation index was 50%, whereas chirp was negligible (a few 
GHz). The power of the probe souree and the modulation frequency were selected 
not to influence the amplifier gain. Two laser sourees were used to saturate the 
EDFA. This set up was built to test the saturation behaviour of bidirectional 
EDFAs (subsection 4.4.3) fortheRACE-COBRA project [4.89]. Fig. 4.33 shows 
clearly that since the gain is only a function of the total input power, the saturation 
of the EDFA is homogeneous. The saturation of this optical amplifier can be 
modelled with P,.t=-23 dBm and n=0.9 (see equation (52)). The NF was 
measured using a detector and a RF-spectrum analyzer. Since a 3 nm optical filter 
was used, the ASE-ASE beatnoise was strongly reduced during the measurements. 
For small amplifier input power a constant NF equal to 7 dB ±0.5 dB was found, 
see Fig. 4.34. For input powers above -5 dBm an increase of the NF was seen. 
For this input power the EDFA gain is already saturated by more than 15 dB. At 0 
dBm input power (21 dB saturation) the noise figure is about 9 dB. 
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Gain of the EDFA versus two channel input power. a) Horizontal scale: input 
power from TXl; power of TX2 ranges in steps of 5 dB from -43.9 dBm (upper) 
to -3.9 dBm (lower). b) Horizontal scale: total input power. 
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Fig. 4.34 Noise figure of the EDFA versus input power. 

Fig. 4.35 shows the delayed self-heterodyne spectrum of the laser, used for 
crosstalk. We observe indeed an increase of the noise floor when the light is put 
through the EDFA. However this noise floor is caused by ASE-ASE beatnoise. 
The noise floor remains when the laser is turned off. 
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Fig. 4.35 Delayed self-heterodyne spectra (150 MHz aeonsto-optic frequency shifter). 
Horizontsl scale: frequency, 0-1 GHz, vertical scale: power of the beat product, 
10 dB/div (electrical dB). a) Signa!, b) signa! + EDFA, c) EDFA only. 

B. Coherent-system experiments 

Two transmitters and one coherent receiver were used in the experiments. The 
coherent transmission equipment has already been described in subsection 4.3.1 
[4.90]. The channel spacing was monitored using a Fabry-Perot interferometer. 
For the measurements without EDFA the signal and crosstalk are directly 
combined before the coherent receiver. For the measurements with EDFA the 
signal and crosstalk are combined before the EDFA and the signal and crosstalk 
power are measured at the EDFA input, see Fig. 4.36. The attenuator after the 
EDFA is adjusted to have little attenuation, so that the EDFA-noise is the 
dominant noise souree (EDFA used as optical preamplifier). 
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Fig. 4.36 Experimental set up to test the influence of crosstalk and EDFA (erbium-doped 
fibre amplifier) amplification on CMC transmission. TXl, TX2: transmitters. Att: 
variabie attenuators. POLC: manual polarisation controllers. RX: single balanced 
coherent receiver. PM: power meter. 

Results 

The BER curves are given in Fig. 4.37. The BER curves are the BER curve of the 
coherent system itself; the BER curve without EDFA with the crosstalk power and 
the channel spacing arbitrarily chosen at -28.6 dBm and 2 GHz; and the BER 
curve with EDFA (no crosstalk). Note that for the last curve the power at the 
input of the EDFA was measured, so that the EDFA can be regarded as a 
preamplifier. All BER curves, though shifted in optical power, have about the 
same shape (within ± 0.5 dB). 
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Fig. 4.37 BER curves of the coherent system. 
o ): Signal only, no crosstalk, no EDFA. 
*): The system with -28.6 dBm crosstalk power at 2 GHz channel spacing. 
X): The system with the EDFA used as preamplifier. 
For the latter the input power is measured at the EDFA input, while the attenuator 
between EDFA and receiver is adjusted so that the EDFA noise is the dominaring 
noise source. 
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Subsequently the channel spacing was set at 2 GHz and the level of the crosstalk 
power was adjusted between -45 dBm (=negligible) and -15 dBm. For each 
crosstalk power the signal power was adjusted to make the BER equal to 10-6. This 
measurement was carried out once without the EDFA and once with the EDFA 
used as preamplifier. The penalty is the difference (in dB) between the required 
signal withand without crosstalk, see Fig. 4.38. The theoretica! curve in Fig. 
4.38b is from equation (51) with the crosstalk-suppression ratio at 2 GHz being 
XSR=40.5 dB (see also subsection 4.3.2). The measurements are reproduelbie 
within ±0.5 dB in crosstalk/signal ratio. A BER of 10-6 was selected to enable fast 
measurement. However, the results can be easily translated to 10-9 using the BER 
curves of Fig. 4.37. 
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Fig. 4.38 Crosstalk penalty at 2 GHz channel spacing and a BER of 10·6• a) Signa! power 
versus crosstalk power. b) Penalty versus signai/crosstalk ratio. 

The influence of crosstalk and EDFA-noise on channel spacing is shown in Fig. 
4.39. The same measurement procedure was applied as in subsection 4.3.2. First 
the signal power was adjusted to a BER of 10-6. For the coherent receiver (no 
EDFA) this is at -57.6 dBm, for the system with EDFA this is at -53.4 dBm at 
the input of the EDFA. Then the signal power was increased by 3 dB (a 3 dB 
penalty). Thereupon the crosstalk power was adjusted so, that the BER becomes 
10-6 again. The last step is repeated for channel spacings from 0 to 20 GHz. The 
measurements were made without EDFA and with EDFA. 

The shape of the measured curves depend on the laser linewidth and the frequency 
deviation of the CPFSK modulation. If the frequency deviation is changed, there 
will be slight changes near 0 GHz; the tails of the curves depend only on 
linewidth. In our system it made no visible difference whether the modolation of 
the crosstalk laser was on or off. Two cases were measured with the EDFA: in 
one case the attenuator after the EDFA remained at a fixed position, while in the 
other case it was adjusted to compensate for the EDFA saturation. Again the 
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results can be translated to other penalties and/or BERs by using the penalty and 
BER curves of Fig. 4.37 and 4.38. 
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• a) Crosstalk power versus channel spacing. b) Crosstalk/signal 
ratio versus channel spacing. 

Discussion 

In subsection 4.3.1 ([4.90]) we showed that for channel spacings near 0 GHz, the 
crosstalk cannot be considered as an additive Gaussian noise term, because of the 
non-Gaussian probability distribution of the CPFSK modulation. However, at 
larger channel spacing (larger than a few times the bit-rate) the fraction of the 
crosstalk spectrum that overlaps with the signal is determined by the crosstalk laser 
linewidth. Looking at Fig. 4.37 we see that the BER curves hardly change shape 
when EDFA noise and/or a fixed amount of crosstalk power is introduced. Fig. 
4.38 indicates that EDFA noise and crosstalk are additive to the system noise. For 
low crosstalk power the sensitivity is determined by the system noise (receiver or 
EDFA), whereas for high crosstalk power the sensitivity is determined by the 
crosstalk power only. There is no significant difference between the penalty versus 
crosstalk/signal curves withand without EDFA. The measured curves show a very 
good agreement with the theoretica! curve (Fig. 4.38b). So both EDFA noise and 
crosstalk at larger channel spacing (more than several 100 MHz) can be considered 
as additive noise terms that are independent of the system noise and independent of 
each other. 

As expected, the sensitivity of the preamplified system is worse than that of the 
coherent system itself. The difference in sensitivity is about 4.2 dB. Since the 
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signal power is larger in the prearnplified system, more crosstalk power can be 
tolerated in the system with EDFA to yield the same penalty, see Fig. 4.39a. 
However, as expected from equation (51), we found that exactly the same 
crosstalk-to-signal ratio can be tolerated in both systems, see Fig. 4.39b. For 
larger channel spacing and higher crosstalk powers the EDFA gets saturated, and 
the signa} loss due to saturation delermines the allowable crosstalk. But when we 
compensate the saturation by decreasing the post EDFA attenuation, the crosstalk
signal ratio versus channel spacing curves are identical in both systems, see Fig. 
4.39b. 

In the system experiments, we observed neither the saturation-induced increase of 
the noise figure, (as measured in [4.80]), nor the significant EDFA-induced line
width broadening that was predicted in [4.81], nor the increased noise floor that 
was observed in [4.82]. In our system experiments the gain compression at 
saturation was no more than 10 dB, whereas the EDFA characterization measure
ments (Fig. 4.34) show that the noise figure was increased only under strong 
saturation (more than 15 dB). Because of the limited output power of the 
transmitters (coupling losses, monitor outputs, automatic frequency control), we 
could saturate the EDFA by only 10 dB, whereas the lasers of the EDFA 
characterisation set up were sufficiently strong to yield 15 dB saturation. 

In [4.81] a speetral broadening of less than 20kHz was measured and therefore it 
was concluded that this will not limit the performance of a single-channel coherent 
system (except maybe in a low or medium bitrate homodyne system, which 
requires very smal) linewidths). As the IF-linewidth of our system is 4 MHz, an 
extra 20 kHz will have a negligible influence on the crosstalk between the 
channels. It could be argued that in a long cascade of EDFAs the speetral 
broadening is larger [4.81], but in such system the accumulated ASE willlimit the 
system performance [4.91]. Finally, our experimental results show very distinctly 
that the EDFA does not influence the penalty for crosstalk. 

Conclusions 

The main interaction between the channels of a (coherent) muitkhannel system 
with EDFA amplification is gain saturation. In our EDFA the saturation was 
homogeneous, since the saturation is determined by the total input power. A 
second effect is the increase of the noise figure for strong saturation (more than 15 
dB) of the EDFA. At 10 dB saturation no influence was observable yet. We 
considered also a third effect: the speetral broadening due to fibre amplifier phase 
noise that is mentioned several times in literature. We found no increased noise 
floor, the crosstalk/signal versus channel spacing characteristics were identical in a 
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CMC system without EDFA and a CMC system with dominating EDFA noise. We 
conclude that EDFA noise and crosstalk can be considered as independent noise 
sourees that are additive to the system noise. 

4.4.2 Multiple ref/.ections46 

When an optical amplifier is operated without optical isolators (a bidirectional 
optical amplifier), it is susceptible to optical reflections at both sides of the optical 
amplifier. Fig. 4.40 shows the generation of an echo signal by amplified multiple 
reflections. The magnitude of the echo, relative to the direct signa!, is G2R1R2, 

where G is the gain of the optical amplifier, and R1 and R2 are the total power
reflection coefficients at the two sides. For G2R1R2 = 1 the echo is as large as the 
direct signal, and the amplifier will start to show laser action. However, severe 
penalties will occur even for much smaller echoes. In this subsecdon we shall 
calculate the penalties for multiple reflection echoes in direct detection and in 
coherent systems. 

Bidirectional 
amplifier 

-------------------------... Direct 

))) 
(.._~(-l(..._ _________________ ., Echoes 

Fig. 4.40 Echoes due to amplified multiple reflections/multiple Rayleigh backscattering. 

4&rhis subsection is based on 
J.L. Gimlett, N.K. Cheung, 'Effects of phase-to-intensity noise conversion by multiple 

retlections on Gigabit-per-second DFB laser transmission systems; Joumal of Lightwave 
Technology, vol.7, no.6, pp.888-895, 1989, and 

G.R. Walker, R.C. Steele, N.G. Walker, 'Effect of interfering echoes in a DPSK coherent 
optica! transmission system with optica! amplifiers,' lEE Proceedings, vol.l37, pt.J, no.4, 
pp.248-254, 1990. 
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Direct detection 

Since the signal and the echoes have the same optical frequency, they will inter
fere. In case of constant-frequency signal and two single reflections, one at each 
side of the optical amplifier, the output power is given by 

pout(total)=~Pout(t)+VPout<f-;:)G2R,Rz,eicf>(tf (53) 

"'(Pout(t)+2VPout(t)Pout(t-;:)G2R1Rz. cos(<l>(t))) for G2R1Rz.<l 

Here 7 is the time delay between the direct signal and the echo, Pout(t) is the direct 
output power, Pout(t-7) is the echo power and cf>(t) is the optical phase difference 
between the two. The two terms of equation (53) can be interpreted as the direct 
output signal and the interferometric noise, which results from the beatnote of the 
direct signal and its echo. The interferometric noise can be treated as additive 
noise to the system noise, because we assumed G2R1R2«1. So, phasenoise cf>(t) is 
converted to interferometric intensity noise. The probability density function of this 
intensity noise is the probability density function of a eosine function (approxi
mately). This is shown in Fig. 4.41 (dashed) for Pout(t)=Poult-7)=1 and 
2.j(G2R1R2) =0.1. So the probability density function is limited. Notice that in a 
digital system only the "ones" are affected by the interferometric intensity noise, 
since for Pout(t)=O the second term of equation (53) is also (approximately) zero. 

In case there are more reflections, the second term of equation (53) should be 
replaced by a summation over all combinations of reflections. Generally, the 
resulting interferometric intensity noise does not have a Gaussian probability 
density function. The probability density function is actually Gaussian in the case 
of a single reflection at one side and dominant Rayleigh backscattering at the other 
side of the optical amplifier [4.7]. However, for small penalties, a Gaussian 
approximation will give reasonably accurate results. Viz. the system noise 
(usually) has a Gaussian probability density function. The probability density 
function of the total noise (system noise and interferometric noise) is found as the 
convolution of the two probability density functions. Assuming the varianee of the 
interferometric noise is small compared to the varianee of the system noise, then 
the resulting probability density function will be approximately Gaussian with a 
varianee that is the sum of the two noise variances. 



248 

oi 
c 
QJ 

0 

.ei 
0 

ct 

Probability Density 
1.5 r---.---r------,.-----, 

0.5 

Optical power 

Fig. 4.41 Probability density function of interferometric noise. 
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Dasbed line: single echo, a limited variatien in optica! power. 
Solid line: approxirnation, Gaussian probabîlity density function. 

The following assumptions are made in the calculation: 

• the receiver has a PIN photodiode, 
• the dominating noise at the receiver is thermal noise with Gaussian noise 

statistics, 
• the multiple reflection echo is modelled as additive Gaussian noise (see 

above), 
• the signal is an intensity modulated binary digital signal, NRZ (non-retum-to-

zero), with an infinite extinction ratio (ratio between power of "1" and "0"), 
• the Os and ls have equal probability ofoccurrence (p(s=O)=p(s=l) 1h), 
• the decision level is the average received power, 
• the time delay between signal and echoes is larger than a bit period, 
• the time delay between signal and echoes is larger than the souree coherence 

length. 

This last assumption may be incorrect for an extemally modulated system, since 
the typical length of an erbium-doped fibre is in the order of several 10 meter, 
whereas the coherence length may be more than lOOm for high quality optical 
sources. In case of a single reflection (equation (53)) the optical phase difference cp 
is not determined by the phase noise of the source, but by the slow variations in 
fibre length due to thermal fluctuation. Although the instantaneous bit-error rate 
will show larger fluctuations fora very coherent source, the average bit-error rate 
over a long period will be the same. 

Analog systems are explicitly not considered. Firstly, because analog systems are 
mostly used for CATV distribution. Optical isolators may be used, since this is a 
unidirectional service. Secondly, because analog systems set such high 
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requirements on reflections, that optical isolators are essential in combination with 
optical amplifiers [4.92], [4.93]. 

Let f.tt and f.to denote the expected values, and ai and ai the noise varlauces of the 
signal for "ones" and "zeros", respectively. If Dis the decision threshold to which 
the signal is compared, then for Gaussian distributed noise, the bit-error rate is 
given by 

(54) 

where the Q-function is the distribution function corresponding to the Gaussian 
probability density function [4.46]: 

(55) 

An infinite extinction ratio and a decision level at the average received power were 
assumed, so f.to=O, p1=2RphPav• and 0=(1.1/2. Here Pav is the average signal power 
(half of the optical power of a "one") and Ryh is the photodiode responsivity. Por 
the case that there are no echoes, the noise variances of the signal are the same for 
both "ones" and "zeros" (oi=o-ö=a;). Since the interferometric noise affects only 
the "one" bits, still o-ö=a;. The noise varianee of the "ones" is found by adding 
the varianee of the second term of equation (53) to the system noise. 

(56) 

Here we used RyhPoult)=p~> E(RyhPou1(t-7))= 1hp1 and E(cos2(1/l))= 1h. Notice that 
bere implicitly Gaussian interferometric noise is assumed, since the two noise 
terms are directly added (see discussion above}. Now the BER is written as 

(57) 
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Por moderate penalties, the BER will be dominated by the second term in (57). 
The penalty is calculated from the required increase of the optica! power to obtain 
the same BER. 

i IJ. 1 ]=~ !-L 1(no echo)], 

2/ 2 2G2R 11 2o 11 V0 n+IJ.t 1"2 

,so 

j.Ll 1 
so (58) 

111(no echo) 

with q=p,1(no echo)/2(J". Por a BER of w-9
, q=5.9 satisfies 1/2Q(q)=l0-9, and 

4q2= 144. The result of (58) is shown in Fig. 4.42, together with the penalty for 
echoes in a coherent system. Note that in deriving (58) it was assumed that the 
echoes have the same state of polarisation as the signa!. However, when the echoes 
come from many small reflections or from Rayleigh backscattering, then the echo 
signa! is nearly depolarised (Theoretically: DOP= 11%, see section 3.3). This 
means that the total echo level may be 3 dB higher than as given in (58), i.e. 
Gv'(R1R2) may be about 1.5 dB higher. 

Coherent detection 

The case of echoes in a coherent system is completely equivalent to the case of 
crosstalk in a bidirectional system with zero channel spacing, as treated in sub
section 4.3.1. Again the echo power is considered to be an additive noise term to 
the receiver noise 

1 ( ps l BER=-exp ---
2 (i+P 

11 x 

(59) 

where P,=P.G2R1R2 is now the power of echoes. Por a BER of w-9 the exponent 
of {59) must be -20.0 (BER 10-6: -13.1) and the resulting penalty is (see also sub
section 4.3.1 [4.94]) 
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Penalty=-lOlog(l-20.0 G2R1~) dB BER=l0-9 (60) 

This is also shown in Fig. 4.42. An experimental verification of equation (60) will 
be given in subsection 4.4.3. 

Multiple Reflections 
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Fig. 4.42 Penalty for amplified multiple reflection echoes. The horizontal axis is 
G<R> =G-/(R1R2), the product of the gain and the average reflection level. The 
bit-error-rate is l0-9

• Solid line: direct detection. Dasbed line: coherent detection. 

Discussion 

Evaluating (58) and (60), we find that a penalty of 1 dB occurs for G<R> = 
G.V(R1R2)=-13 dB for direct detection and at -10 dB for coherent detection (both 
digital!). Although discrete reflections from splices and connectors can be below 
-50 dB, a Rayleigh backscattering level of about -32 dB cannot be avoided (see 
subsection 3.3.1). Taking <R> =..f(R1R2)=-32 dB and G<R> ~-13 dB then 
G~ 19 dB. However, as the echo signal is nearly unpolarised, this limit can be 
slightly increased to G~20 dB. This specification is also good for coherent 
detection, since this is even somewhat more tolerant to multiple reflections than 
direct detection. So if an optica! amplifier is operated without optica! isolators, the 
gain should be smaller than 20 dB, in order to have a limited penalty for multiple 
reflection echoes. This 20 dB limit is generally accepted in literature [4.94], 
[4.95], [4.96], [4.97]. 

In literature several bidirectional optica! amplifier configurations have been 
proposed and demonstrated, which are less impeded by reflections and Rayleigh 
backscattering [4.40]-[4.44]. These are treated in subsection 4.1.3. 
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Condusion 

If an optica! amplifier is operated without optica! isolators, the gain should be 
smaller 20 dB, in order to have a limited pen~ty for multiple reflection echoes. 

4.4.3 Bidirectional optical amplifiers47 

Bidirectional transmission over a single fibre bas the advantage of reducing the 
number of fibre links by a factor of two. The network savings are even larger in 
bidirectional multichannel passive optica! networks, e.g. for fibre-to-the-home/ 
curblbusiness systems [4.49], [4.89], [4.98], because not only fibre is saved, but 
passive optica! components (splitters) as well, see section 2.1. Recently, interest 
has shown up in bidirectional optica! amplification to increase the power budget of 
bidirectional transmission systems [4.40]-[4.44], [4.99]-[4.106]. Moreover, the 
absence of optica! isolators enables the use of optical time-domain reflectometry 
[4.107], which is very complicated in two-fibre links with unidirectional amplifiers 
[4.108]. 

EDFAs are commonly used for bidirectional amplification, because of their simpte 
fabrication, low noise figure, high saturation power and low reflection level 
[4.40]-[4.43], [4.99]-[4.103]. Also semiconductor laser amplifiers [4.104], [4.105] 
and Raman amplifiers [4.106] have been used or considered for bidirectional 
systems. However, the semiconductor laser amplifier has the problem of the facet 
reflection, which is difficult to reduce below 10-4

• The facet reflection is enhanced 
by the amplifier gain, and the effective reflection may become very large, even 
larger than 100% [4.94]. Raman amplification is less practical because of its 
intrinsic polarisation dependenee and because large pump powers are required 
[4.109]. 

Several bidirectional EDFA (B-EDFA) configurations have been proposed in 
literature (see also subsection 4.1.3). Ref. [4.42], [4.43] and [4.44] propose the 
use of two separate EDFAs, one for each direction, which are combined by 3 dB 

47This subsection was also publisbed in 
M.O. van Deventer, O.J. Koning, A.J. Lous, 'Interaction between channels in a 

bidirectionally arnplified multicarrier system,' 20th European Conference on Optica) 
Communication, ECOC'94, Firenze, 25-29 september, 1994, paper Tu.P.IO, pp.411-414, and 

M.O. van Deventer, O.J. Koning, A.J. Lous, 'An erbium doped fiber amplifier without 
optica! isolators in a coherent optica! bidirectional transmission system,' to be published, 
1994. 
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couplers, optical circulators or wavelength multiplexers. Here, each EDFA can 
have optical filter(s) and optical isolator(s). Ref. [4.40] demonstrates the use of a 
single EDFA with optical isolators in a circuit, which combines and separates the 
bidirectional signals with wavelength-splitters. As the gain of an (unsaturated) 
EDFA is redprocal (reciprocity: see section 3.1), it may be used in two directions. 
This is described in Ref. [4.41], where a combination of two wavelength-splitters 
and two optical isolators is used to have both optical isolation at all wavelengths, 
and bidirectional transmission. However, the simplest configuration for 
bidirectional amplification is just omitting the input and output isolator of the 
optical amplifier [4.99]-[4.106]. 

When a single EDFA is used bidirectionally without optical isolators or filters, 
interaction between the bidirectional channels may occur. Th ere are at least three 
mechanisms for this interaction. 

• Reflections and Rayleigh backscattering cause crosstalk between bidirectional 
channels. A bidirectional amplifier will enhance this crosstalk, since it 
amplifies the reflected signal. 

• Gain saturation will also cause mutual interaction, since if the signal in one 
direction saturates the gain, the signal in the other direction will also 
experience gain saturation. This mechanism was already discussed for 
unidirectional optica! amplifiers in subsection 4.4.1. 

• Similarly the signal in one direction rnay influence the noise behaviour of the 
optical amplifier for the signal in the other direction. 

Problems may even occur in a unidirectional system. Backward travelling 
amplified spontaneons emission may saturate amplifiers at the beginning of a chain 
of amplifiers [4.97], [4.110]. Reflections at both sides of the amplifier(s} result in 
multiple reflection echoes [4.58], [4.94]-[4.97], [4.111]-[4.113], which give raise 
to a BER floor or signal degradation in analog systems [4.93]. Although discrete 
reflections from splices and connectors can be below -50 dB, a Rayleigh 
backscattering level of about -32 dB cannot be avoided. The total power of the 
echoes must be 25 dB lower than the signal power to have a penalty of less than 1 
dB [4.94], [4.113], see subsection 4.4.2. This would set a maximum single 
amplifier gain of about 20 dB (32- 1h x25}. 

In this subsection we present the B-EDFA that will be used in the Dutch BCPN 
field trial of the RACE phase II project R2065 "COBRA" (Coherent Optical 
systems implemented for Business traffic Routing and Access) [4.89], [4.114]. 
Especially two aspects of bidirectional optical amplification are investigated. First 
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a non-flat gain plus reflections may cause laser action of the B-EDFA at a 
wavelength different from the signal wavelength, whereas the multiple-reflection 
echo level is moderate at the signal wavelength itself. Second, amplified Rayleigh 
backscattering may increase the crosstalk between the bidirectional channels. Also 
the saturation behaviour and the noise figure(s) of the B-EDFA are thoroughly 
investigated. 

The purpose of this subsection is to provide insight in the operadon of a B-EDFA. 
The approach is largely empirical, since detailed modelling of EDFA gain and 
noise is beyond the scope of this thesis. Although the workis focused on coherent 
transmission/detection, most of the results are equally valid for other transmission 
techniques, e.g. high-density wavelength-division multiplexing. This will be discus
sed at the end of this subsection. 

The structure of this subsection is as follows. First some theoretica! and empirical 
models are presented fora B-EDFA. Then the B-EDFA design considerations are 
discussed, and the gain/saturation measurements and the noise figure measurements 
are presented. Thereupon the unidirectional and bidirectional coherent system 
experiments are presented. Finally, the results are discussed and conclusions are 
given. 

Theory 

The theoretica! part considers 
• the gain saturation of a bidirectional optical amplifier by high input powers, 
• saturation by laser action of the bidirectional amplifier, 
• the multiple reflection penalty and 
• amplified reflections/Rayleigh backscattering. 

This is illustrated in Fig. 4.43. 
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Fig. 4.43 Bidirectional optica! amplifier. a) Gain saturation. b) Laser action. c) Multiple 

reflections. d) Amplified reflections/Rayleigh backscattering. 

A. Gain saturation 

The empirica! model of gain saturation of equation (52) (subsection 4.4.1) can be 
easily extended to bidirectional amplifiers. It will be assumed that the operation of 
the optical amplifier is symmetrical with respect to its two ports, and that the gain 
saturation is homogeneous, i.e. determined by the sum of the input powers of both 
sides. These assumptions will be verified later on in the amplifier characterisation 
measurements. The amplifiergainis modelled with these assumptions as 
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[
P. +P. ]" 1 + tn,a m,b 

psat 

(61) 

Here "a" and "b" refer to the two sides of the bidirectional amplifier, see Fig. 
4.43b. Pin,a and Pin,b are the two input powers. The two output powers are given by 

B. Laser action 

pout,a =G pin,b 

pout,b =G pin,a 

and (62) 

A bidirectional amplifier will show laser action in the presence of optical 
reflection, when the round-trip gain (G2R1R2) becomes equal to one, see Fig. 
4.43b. This laser action starts from the amplifier noise, which is added to the 
output powers as 

and (63) 

Here NAsE is the amplified spontaneons emission speetral density of the optical 
amplifier, as given by equation (44} (subsection 4.4.1). B0 is the optical (noise) 
bandwidth of the optical amplifier. 

The output powers are coupled to the input powers by the reflections. 

pin,a =RlPout,a 

pin,b =RzPout,b 

and (64) 

The set of equations ((61), (63) and (64)) can be solved iteratively. However, 
since the gain of a bidirectional amplifier is relatively small, the noise term NAsEBo 
can be neglected once laser action bas started. The gain of the optical amplifier is 
found in that case as 
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for 

(65) 

for 

Of course, no signaJ can be transmitted at the wavelength where laser action takes 
place (say l-.1), since the laser action will completely obscure the signaJ. However, 
transmission may be possible at a different wavelength (say l-.2), where the gain is 
lower. Assuming that the laser action saturates the gain homogeneously (i.e. the 
same gain reduction at all wavelengths) then the gain at l-.2 is given by 

(66) 

The results of equations (65) and (66) will be verified later on in the experiments. 

C. Multiple reflections 

The penalty for multiple reflections (Fig. 4.43c) in coherent systems was already 
calculated in subsection 4.4.2 (equation (60)) as 

(67) 

The constant is the required signal to noise ratio to obtain a certain BER. The 
constant has the value 20.0 for BER = 10-9 and 13.1 for BER = 10-6

• Notice that in 
case of saturation by high input powers or laser action G is the actuaJ (saturated) 
gain, and not the small-signaJ gain. The multiple reflection penalty will be verified 
later on in the experiments, both for BER=l0-9 and BER=l0-6

• 

D. Amplified reflections/Rayleigh backscattering 

A bidirectionaJ opticaJ amplifier will amplify reflected signals. Taking G as the 
amplifier gain, L as the transmission loss and R1 and R2 as the two reflection 
levels (Fig. 4.43d), then the totaJ reflection is given as the sum of the second 
reflection R2 and the amplified/attenuated first reflection R1• 

In case the gain is larger than the transmission loss (G > L) the ( crosstalk from) 
reflection will be enhanced. Also this result will be verified in the experiments. 
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(68) 

B-EDF A design and characterisation 

The B-EDFA was designed to having a moderate cost, a low noise figure at both 
inputs, a high saturated output power at both sides and a limited gain (see sub
section 4.4.2). To satisfy the first requirement, we chose the simplest configura
tion: an EDFA without isolators. To satisfy the second and the third requirements 
we used a bidirectional pumping scheme. To satisfy the fourth requirement, we 
selected the length of the active fibre shorter than the length for maximum gain411 • 

The shorter length does not influence the noise figure in principle, since the noise 
figure is mainly determined by the population inversion of the first part of the 
active fibre. However, the shorter length will result in some reduction of the 
saturated output power, because not all available pump power can be converted to 
output power. The shorter active fibre length has an extra advantage of a flatter 
gain profile. The flatter gain profile for a shorter length of erbium-doped fibre can 
be understood easily by consictering the extreme case. If the length is zero, then 
the gain profile will be completely flat. Of course there is no optica! gain in that 
case. Two 90/10 couplers have been added at the two sides for monitoring 
purposes. These will increase the noise figure by about 0.5 dB, and reduce the 
saturated output power by 0.5 dB. The B-EDFA construction is shown in Fig. 
4.44. 

4'The criteria for optica! amplifier design depend on the application. A booster amplifier 
is designed for high output power and the length of the erbium-doped fibre is usually 
optimised to have the highest small-signal gain, so deep saturation can be achieved. A 
preamplifier is designed for low noise operation, which is achieved by having a large pump 
power at the input and by keeping the spiicing points at the coupling losses low. An in-line 
amplifier is usually also designed for Iow noise and a specific gain. 
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Er doped fiber 

Monitor Monitor 

Fig. 4.44 Construction of the B-EDFA, bidirectionally pumped by two pump Jasers (1480 
nm and 980 nm) through two wavelength multiplexers (WDM). The two 90/10 
couplers are used for monitoring. All components are fusion spliced and all fibre 
ends are terminated to eliminate optica! reflections. 

Commercial pump lasers, wavelength multiplexers and active fibre were used. The 
two pump lasers operate at 980 nm and at 1480 nm, respectively. Their output 
powers were + 17.4 dBm and + 14.6 dBm, respectively. Two wavelength 
multiplexers (WDM) were used for 148011550 and 980/1550 multiplexing. We 
shall refer to the two sides of the B-EDFA as the 980-side and the 1480-side (see 
Fig. 4.44), or 980/1480-input/output, depending on their use. Fig. 4.45a shows the 
measured gain at 1537 nm forsome lengtbs of the active fibre (identical for signa! 
input at either side). We chose an active fibre length of 20 m, which gives a gain 
somewhat larger than 20 dB (see the introduction) for the total device. A gain 
larger than 20 dB could be toleraled in our application, sirree the B-EDFA will be 
placed next to a passive optica! power splitter, e.g. 1:16 or 1:64 [4.114], see 
section 2.1, which will reduce the level of Rayleigh backscattering by a factor 16 
or 64 (12-18 dB). Fig. 4.45b shows that the saturated output power (output power 
at which the gain is reduced by 3 dB) varles by about 3 dB as a function of the 
active-fibre length. The curve of Fig. 4.45b is not so smooth because of the 
reproducibility of the fusion splices between the erbium-doped fibre and the 
standard fibre: ±0.5 dB. 
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Fig. 4.45 a) B-EDFA gain versus the length of the active fibre at 1537 mn (for both 
transmission directions). 

b) Saturated output power (gain reduced by 3 dB) versus length of the active 
fibre. The 1480-side was used as signal input and the 980-side as output. 
Notice that this measurement does not include the Josses of the WDMs and 
the 90110 couplers. 

The gain was measured with a lock-in amplifier using a modulated external cavity 
laser at À=1537.0 nm as probe source. The intensity modolation index was 50%, 
whereas chirp was negligible (a few GHz). The power of the probe souree (-16.5 
dBm at the 10% monitor input) and the modolation frequency (80 kHz) were 
selected so that they do not influence the amplifier gain, but still so that proper 
gain measurements are possible. Two DBR laser sourees (1537 .0 nm and 1535.9 
nm) were used to saturate the EDFA. Optical isolators shielded the B-EDFA from 
reflections. The gain was measured for different powers of both DBR lasers using 
the automated set up of Fig. 4.46. The gain measurements were calibrated by 
camparing the measurement withand without B-EDFA, and compensating for the 
90/10 coupler losses. 

The results of the gain measurements are shown in Fig. 4.48. Th is figure clearly 
shows that the gain is only a function of the total input power, so the B-EDFA 
saturation is considered homogeneous. We had already demonstrated the 
homogeneous saturation of a unidirectional EDFA with two channels using a 
simHar set up, see [4 .115] and subsection 4.4 .1. The maximum output power was 
+12.5 dBm. The small-signal gain of the B-EDFA was 23.6 dB at 1537.0 nm. 
Fig. 4.48 shows the spontaneous emission spectrum of the B-EDFA. The noise 
figure is relatively independent of the gain of the optical amplifier (provided there 
is sufficient gain), since it is mostly determined by the population inversion at the 
first part of the amplifier. The spectrum of the amplified spontaneous emission is 
approximately proportional to the noise figure times gain, see equation (43). 
Therefore the spectrum of the amplified spontaneous emission is a good 
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(qualitative) measure for the amplifier gain. So the spectrum of Fig. 4.48 indicates 
that the gain strongly depends on the wavelength. 

10% 10% 

Fig. 4.46 Set up to measure the gaîn of the B-EDFA for different saturating powers from 
both sides. TXl, TX2: transmitters used for saturating the B-EDFA. TX3: 
transmitter used for gain measurements. Att: variabie attenuators for adjusting the 
transmitter powers. 

SPECTRUM 
-15 

Fig. 4.47 Spontaneous emission spectrum of the B-EDFA. measured by an optica! spectrum 
analyser. Vertical axis: 5 dB/div. 
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Fig. 4.48 Gain of the B-ED FA. 
a) Gain versus the power at the 980-input. The powers at the 1480-input are 

-24.3 dBm (upper), -21.8, -19.3, -16.8, -14.3, -11.8, -9.3, -6.8, -4.3, 
-1.8, and +0.7 dBm (lower), respectively. 

b) Gain versus the total input power. 
c) Total output power (sum of the output powers at both sides) versus total input 

power. 
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The noise figures were measured in a set up with a polarisation beam splitter, see 
Fig. 4.49. The polarisation beam splitter was used in order to have both a 
sufficient sensitivity in the noise-figure measurements and to saturate the B-EDFA 
deeply, to see the influence on the noise figure. Again two DBR lasers (TX1 and 
TX2) were used saturate the B-EDFA, one on each side. One transmitter (TX1) 

was sinusoidally modulated at 300 MHz. The amplified signal and the noise 
speetral density were measured at 300 and 750 MHz respectively, using a 
lightwave spectrum analyser. This noise is the ASE-signal beat noise plus the 
ASE-ASE beat noise (ASE: Amplified Spontaneons Emission). The light from the 
secoud transmitter was unmodulated. Manual polarisation controllers were used to 
align the signal polarisations with the axes of the polarisation beam splitter. The 
accuracy of the noise-figure measurements was ± 1 dB (mainly the inaccuracy of 
the spectrum analyser) and the reproducibility) ±0.3 dB. 

LSA 

Fig. 4.49 Set up to measure the noise figure of the B-EDFA for different saturating powers 
from both sides. PBS: polarisation beam splitter. POLC: manual polarisation 
controller. LSA: lightwave spectrum analyser. 

The results of the noise figure measurements are shown in Fig. 4.50. The noise 
figures increased for low input powers, because then the ASE-ASE beat noise 
became dominant. This increase is therefore an artefact of the measurement 
metbod and could be removed by using an optical filter. In a coherent receiver 
ASE-ASE beat noise is strongly suppressed by the balanced receiver(s) [4.84], see 
section 4.4.1, footnote44

• The noise figure of the 980-input (see Fig. 4.44) was 
about 7 dB for dominant signal-ASE beat and negligible saturation (Fig. 4.50a). 
The noise figure increased by 0.5 dB when the input power at the 1480-input was 
increased to -5.5 dBm. Note that at this input power the gain is already saturated 
by more than 7 dB, so when the bidirectional optical amplifier is applied in a 
system, the penalty for saturation is much higher than the penalty for the increased 
noise figure. The noise figure is somewhat higher at the 1480-input: 8 dB (Fig. 
4.50b). This noise figure is quite independent of the power at the 1480-input 
(horizontal axis of Fig. 4.50), but it increased by 1 dB for a 980-input power of 
-5.5 dBm ("x" in Fig. 4.50b). It can be seen that, when the noise figure (ASE-
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signal beat noise) increases by I dB, the ASE-ASE beat noise increases by 2 dB. 
The measured noise figures (7 -8 dB) are comparable with the noise tigure of a 
commercial unidirectional EDFA with isolators [4.115], see subsection 4.4.1. 
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Fig. 4.50 Noise figure of the two B-ED FA inputs. 
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a) Noise tigure of the 980-input. Horizontal axis: input power at 980-input 
(TX1). Parameter: power at 1480-input (TX2), + :-13.0 dBm, *:-10.5 dBm, 
o :-8.0 dBm, x:-5.5 dBm. 

b) Noise tigure of the 1480-input. Horizontal axis: input power at 1480-input 
(TX1). Parameter: power at 980-input (TX2), +:-13.0 dBm, *:-10.5 dBm, 
o :-8.0 dBm, x :-5.5 dBm. 

Unidirectional system experiments 

We applied the B-EDFA in a set of coherent system experiments, to test its 
behaviour in an actual system. This section presents the unidirectional measure
ments, looking at the noise figures and the effect of absence of optica! isolators: 
penalties for multiple reflections and laser action ofthe B-EDFA. The bidirectional 
experiments are presented later in this subsection. 

A description of the coherent transmission equipment has already been given in 
subsection 4. 3. 1. In the first system experiment we tested the noise figures of each 
of the two B-EDFA inputs unidirectionally by placing the B-EDFA in front of the 
coherent receiver, see Fig. 4.51. We tested also a commercial EDFA for 
comparison. The attenuator between the EDFA and the coherent receiver was 
adjusted to have the EDFA noise as dominant noise source, so the EDFA acts as a 
preamplifier. The theoretica! background of this test metbod has already been 
described in subsection 4.4.1. The commercial EDFA is the same one as used in 
subsection 4.4.1. lt has a 38 dB small-signal gain (G0 in equation (52)) and a noise 
tigure of 7 dB. Fig. 4.52 shows that the EDFA-preamplifiers all yield about the 
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same BER curves (bit-error rate), which means that their noise figures are about 
equal. This agrees with the noise figure measurements earlier. The sensitivity of 
the preamplified receivers is of course worse than that of the coherent receiver 
without preamplifier, see subsection 4.4.1. The difference is about 5 dB. 

Data 

By-pass 

Data 

Fig. 4.51 Set up to test !he noise figure: B-EDFA placed in front of !he coherent receiver. 
The variabie attenuator is adjusted to have !he EDFA noise as dominant noise: !he 
EDFA is used as a preamplifier. PM: Power Meter. 

a:: 
w 

"' 

EDfA as pre-amplifier 
10-1.,.-----.---,-----.~ 

Signal power in dBm 

Fig. 4.52 BER curves. o: Coherent receiver itself. *: Commercial EDFA. x: B-ED FA, 
1480-input. +: B-ED FA, 980-input. 

In the second experiment we tested the performance of the B-EDFA in the 
presence of optical reflections and Rayleigh backscattering from two fibre spools, 
see Fig. 4.53. The 980-side of the B-EDFA was used as input and the 1480-side 
as output. The B-EDFA was placed next to an optical attenuator with low 
reflection to simulate a B-EDFA with variabie gain, retaining its noise and 
saturation characteristics. We shall make the distinction between the "adjusted" 
gain of the combination, which is the smalt signal gain of the B-EDFA minus the 
attenuation of the attenuator (00), and the "actual" (saturated) gain (G). 



By-pass 

Fig. 4.53 Set up to test the performance of the B-EDFA in the presence of reflections and Rayleigh backscattering from the variabie 
reflector and the two fibre spools (see text). TXl, TX2: transmitters. RX: single balanced coherent receiver, LSA: 
lightwave spectrum analyser, PM: power meter, Att: attenuator, POLC: manual polarisation controller. 

Data 
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The B-EDFA-attenuator combination was placed between the two fibre spools with 
lengtbs of24.4 km and 12.7 km, respectively. The Rayleigh backscatter level from 
the first spool is -35.5 dB at the input of the B-EDFA-attenuator combination. The 
variabie reflector was placed bebind the second spool to introduce higher reflection 
levels. Two transmitters were used, TXl and TX2. TXl was CPFSK modulated 
with 155 Mbit/s data, which was received by the coherent receiver (RX). TX2 was 
intensity modulated by a 990 MHz sinusoidal signal, which was received by the 
lightwave spectrum analyser. The purpose of using the second transmitter is to 
measure the optica! power from the transmitters (gain measurement) in the 
presence of the EDFA noise. The frequency spacing between the two transmitters 
was about 10 GHz, so the B-EDFA gain can be considered to be equal for the two 
signals, whereas there is no crosstalk between the channels. The powers of TXl 
and TX2 at the B-EDFA-input were -35.5 dBm and -32.9 dBm, respectively. 
These powers are large enough to make the influence of the B-EDFA noise 
negligible, but small enough not to saturate the B-EDFA. The set up was 
calibrated by removing the EDFA-attenuator combination and connecting the fibre 
spools directly. 

Fig. 4.54 and 4.55 show the results for Rayleigh backscatter level of spool 1 at 
-35.5 dB and the variabie reflector set at -14.9 dB, at the input and the output of 
the B-EDFA-attenuator combination, respectively. The B-EDFA showed laser 
action at wavelengtbs around 1531 nm, when the gain of the B-EDFA-attenuator 
combination was adjusted above 11 dB, see Fig. 4.56. For higher adjusted gains 
(G0), the B-EDFA saturation became dominant and the actual gain (G) became 
smaller than the adjusted gain. However, the impravement in power budget by the 
B-EDFA became even smaller than the actual gain, and for an actual gain of 18 
dB a BER-floor of w-9 appeared. This difference is caused by the multiple 
reflection penalty. Fig. 4.57 shows the measured penalty versus the actual gain 
(G). The theoretica! curves are the theoretically calculated penalties from equation 
(67). There is a very good agreement between theory and measurements. 
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Fig. 4.54 Gain and power budget impravement by B-EDFA amplification at 
reflectionJRayleigh backscatter levels of -35.5 and -14.6 dB. Horizontal axis: 
adjusted gain (G0) of the B-EDFA-attenuator combination (B-EDFA small signal 
gain minus attenuation). Vertical axis: *: actual gain (G), +: power budget 
impravement at a BER of 10-", o: power budget impravement at a BER of 
w-•, ---x: optical isolator used. 

BER-curves 

Signal in dBm 

Fig. 4.55 BER curves at reflectionJRayleigh backscatter levels of -35.5 and -14.6 dB. 
Parameter: adjustedlactual gain (G0 IG), +: 11.6111.6 dB, *: 17.6115.8 dB, o: 
20.6117.1 dB, x: 23.6118.2 dB, -: B-EDFA-attenuator combination removed. 
(The receiver sensitivity is 0.5 dB worse than in Fig. 4.52. This is because the 
tuned front-end receiver broke down after the fitst experiment and we had to 
reptace it by a not-tuned receiver.) 
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Fig. 4.56 Spectra of the 8-EDFA at reflection/Rayleigh backscatter levels of -35.5 and 
-14.6 dB. a),b),c),d) corresponds with + ), *), o ), x) of Fig. 4.55, respectively. 
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Fig. 4.57 Penalty versus the actual gain of the 8-EDFA-attenuator combination {see also 
Fig. 4.54 and 4.55). o: BER= 10-6, x: 8ER= w-•. The solid line and the dotted 
line are the theoretica! curves for multiple reileetion echoes. 
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The gain measurements were repeated for other reflection/Rayleigh backscatter 
levels, see Fig. 4.58. The horizontal axis is G0._f(R1R2). The marks on the hori
zontal axis indicate where the first signs of laser action of the B-EDFA are visible 
at the optical spectrum analyser: the occasional appearance of peaks around 
1531 nm (see also Fig. 4.56). At G0v(R1R2)=-12 dB the gain at À2 =1537 nm 
saturates because of the laser action at À1 = 1531 nm, as predicted by equations 
(65} and (66). So according to this measurement G0(À0=G0(À1)-12 dB. This 
difference is in agreement with the measurements of the amplified spontaneous 
emission (Fig. 4.48), which does also indicate a difference in G0 of 12 dB between 
the wavelengtbs 1531 and 1537 nm. 
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Fig. 4.58 Saturation of the B-EDFA for different reflection!Rayleigh backscatter levels. 
Horizontal axis: G0.,f(R,R2). Here G0 is the adjusted gain of the B-EDFA
attenuator combination. Rtl R2: o: -35.51-29.6 dB, +: -35.51-23.5 dB, 
*: -35.51-14.6 dB. The three marks at the horizontal axis indicate the point 
where first signs of laser action became visible (spectrum as in Fig. 4.56a). 

Bidirectional system experiment 

The set up ofthe bidirectional system experiment is shown in Fig. 4.59. Again the 
B-EDFA-attenuator combination was placed between the two fibre spools, but now 
the second channel was injected at the 1480-input. Both transmitters were CPFSK 
modulated witb 155 Mbit/s data. The purpose of this experiment is to see how the 
B-EDFA influences the crosstalk between the bidirectional channels. We set tbe 
channel spacing at 0 GHz (see also subsection 4.3.1 [4.90]), since this gives the 
largest crosstalk between the two channels. 
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A different choice in channel spacing would just mean that the power of the 
"crosstalk channel" can be increased by a certain amount to give the same penalty 
[4.115], see subsections 4.3.2 and 4.4.1. 

The following measurement procedure was applied. First the attenuator at the input 
of the coherent receiver was adjusted toa BER of 10"'"6 . Then the signal power was 
increased by 3 dB (a 3 dB penalty). Thereupon the power of TX2 was adjusted so, 
that the BER became 10-6 again. This procedure was repeated for gains of the B
EDFA-attenuator combination between -8 and +22 dB. The power of TXl was 
set at -35.6 dB at the B-EDFA 980-input. The power of TX2 was always below 
-37.5 dBm at the 1480-input. Forthese powers of TXl and TX2, the influence of 
EDFA noise was negligible, whereas also no saturation occurred. Since the 
variabie reflector was removed, there was no saturation from laser action either. 

The result is shown in Fig. 4.60. For small or negative gains the crosstalk is 
determined by the Rayleigh backscattering of spool no.2, whereas the level of 
Rayleigh backscattering increases rapidly for gains larger than a few dB. This can 
be understood from the smal] loss of the spool no.2. As soon as the gain is larger 
than this toss, the amplified Rayleigh backscattering from spool no.l becomes 
(much) larger than that of spool no.2. We measured the amount of Rayleigh back
scattering from both spools using a 50/50 coupter and a power meter: 
R1=-35.2 dB and R2=-33.0 dB. The first spool gives a somewhat lower value 
because of connector losses. The transmission loss of spool no.2 was L=2.9 dB. 
The theoretical curve of Fig. 4.60 was calculated by using these measured values 
in equation (68). Again there is a very good agreement between theory and 
measurements. 
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Fig. 4.60 Level of Rayleigh backscattering as a function of the gain of the B-EDFA
attenuator combination, measured in a bidirectional system experiment. 
o: measurement, -: theoretica! curve. 
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Discussion 

The dependenee of the gain on the active fibre length was demonstrated. Since the 
gain of a B-EDFA should not be larger than about 20 dB, the active fibre length is 
selected to be shorter than the length for maximum gain. The saturated output 
power depends on the pump power, the pump efficiency (which is somewhat better 
at 980 nm than at 1480 nm), coupling losses and the type of pumping scheme 
(codirectional, contradirectional, bidirectional). The measurements showed the 
symmetrical behaviour of our bidirectionally pumped B-EDFA: the gain and the 
total saturated output were only determined by the total input power, and did not 
depend on the individual input powers. 

The noise figures of the two B-EDFA inputs were considered. The noise figure is 
mainly determined by the population inversion at the input of an optical amplifier 
[4.80), and by losses at the input. The noise figure at the 1480-input (8 dB) was 
higher than at the 980-input (7 dB). This is explained from the pump depletion at 
1480 nm, which does not occur at 980 nm, and the higher coupling losses from 
the 1480-input to the active fibre (1.5 dB) than at the 980-input (1.0 dB): splice 
losses and losses at the wavelength multiplexers in the B-EDFA. When a B-EDFA 
is operated symmetrically, the backward signal is larger than the forward signal at 
the input for the forward signal. Therefore it is the backward signal that 
determines the rednetion of the population inversion at this input. So the saturation 
from one signal determines the noise figure of the other. This effect is clearly 
recognized in our measurements (Fig. 4.50). The measurements also showed that 
the noise figure of the 1480-input is increased more by saturation than that of the 
980 input. Notice that the power penalty for an increased noise figure will always 
be negligible compared to the penalty for gain-saturation. A gain saturation of 7 
dB resulted in an increase of the noise figures by less than 1 dB. 

The system experiments showed that the noise figures of the B-EDFA and a 
commercial EDFA were about the sarne, which agreed with the characterisation 
measurements. Actually, if we would remave the 90/10 couplers for monitoring, 
the B-EDFA would even be better, since it does not have the loss of an optical 
isolator at the input. 

The influence of a non-flat gaiu-profile was shown in the system experiments. At 
1531 nm the gain of the B-EDF A has its maximum. So laser action will start at 
this wavelength in the presence of reflections/Rayleigh backscattering, when the 
round trip gain (G2R1R2) becomes larger than one. Then signal transmission 
beoomes impossible at this wavelength. Actually a round trip gain of -25 dB will 
already give a penalty of 1 dB (see the introduction) and signal transmission at 
1531 nm bas already become impossible long befare any signs of laser action are 
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visible. However, the measurements show that signal transmission at a different 
wavelength may still be very well possible, even in the presence of laser action at 
1531 nm. The penalty was less than 0.5 dB for transmission at 1537 nm, at the 
threshold of laser action at 1531 nm. The only effect of the laser action at 1531 
nm was, that it saturated the gain of the B-EDFA. Although the spectrum of the 
lasing B-EDFA changed continuously, the saturation of the gain remained rather 
constant. 

The influence of multiple reflection echoes was also recognised in the system 
experiments. There was an excellent agreement between the measured penaltles 
and the theoretical penalties that were calculated from the measured reflection 
levels and the actual gain (Fig. 4.57). As expected, the multiple reflection echoes 
introduced a BER-floor when the product of gain and average reflection level 
became too large (Fig. 4.55). 

Finally, the crosstalk from Rayleigh backscattering was considered in a 
bidirectional experiment with the B-EDF A. In our experiment there was a very 
small transmission loss between the B-EDFA and the coupler that was used for 
duplexing. For a gain larger than this loss, the Rayleigh backscatter increases 
quadratically with the gain. There was an excellent agreement between the theory 
and experiments. The increased Rayleigh backscatter necessitates a larger channel 
spacing. However, it is better to design the system such, that this increase does not 
occur. This can be achieved by a proper balance of pre- and post-amplifier losses, 
so that at both sides the transmission losses are larger than the B-EDFA gain. 
Another possibility is to place the B-ED FA next to a 1 :N splitter, which reduces 
the Rayleigh backscatter level by a factor N. Especially in a cascade of B-EDFAs 
the accumulation of Rayleigh backseautering should be carefully considered when 
designing a system. 

Conclusions 

We presented the design and construction of a bidirectional erbium-doped fibre 
amplifier, extensive characterisation measurements of the B-EDFA, and its 
application in uni and bidirectional coherent system experiments. 

The design of a B-EDFA bas the following requirements: low noise figures at both 
inputs, a high saturated output power and a moderate gain (not much larger than 
20 dB: multiple reflection specification). We achieved these requirements and a 
symmetrical operation by applying bidirectional pumping (980 and 1480 nm) and 
choosing the length of the active fibre shotter than the length for maximum gain. 
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The noise figures of the B-ED FA were 7 dB and 8 dB at the two inputs. The noise 
figure of a B-EDFA is lower than that of a unidirectional EDFA, in principle, 
since a B-EDFA lacks the lossof optical isolators. The saturated output power was 
+ 12.5 dBm. We found that the saturation of the gain is only determined by the 
total input power from both sides. Similarly the total output power (sum of the two 
outputs) is only determined by the total input power. The degradation of the noise 
figure is mainly determined by the backward saturating signal. 

The system experiments showed laser action of the B-EDFA at 1531 nm (gain 
maximum). At the signal wavelength (1537 nm), the gain was lower, and the only 
effect of the laser action was a steady saturation of the B-EDFA gain. Therefore, 
some laser action can be tolerated, profided that it is filtered out by the receiver. 
However, the difference between the maximum gain and the gain at this 
wavelength should not be too large, since the purpose of the B-EDFA is 
amplification at the signal wavelength. 

The system experiments showed also that the B-EDFA will increase the crosstalk 
from Rayleigh backscattering between counterpropagating signals, when the B
EDFA gain is larger than the transmission loss after the B-EDFA. 

Although the theoretica! analysis and the experiments were focused on coherent 
transmission, most conclusions are also valid for other types of transmission 
systems, e.g. high-density wavelength-division multiplexing. The analysis of the 
gain and noise behaviour of the B-EDFA is relatively independent of the type of 
transmission system, though the ASE-ASE beat should be taken into account in 
direct-detection systems. The condusion that strong laser action of the optical 
amplifier should be avoided is a generally valid conclusion. The same is true for 
the amplification of reflected/Rayleigh backscattered signals by the bidirectional 
optical amplifier. Differences are only found in the exact numerical values, e.g. 
the allowable multiple reflection level is (somewhat) different for different types of 
transmission systems (subsection 4.4.2). 

In conclusion, the following aspects are important in designing transmission 
systems with B-EDFA(s): the noise figures of the B-EDFA at both inputs, the gain 
at the signal wavelength, the saturated output power, multiple reflections, but also 
amplified Rayleigh backscattering and the maximum gain at which wavelength 
laser action of the B-EDFA may occur. 
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5. Polarisation handling 

This chapter is based on two observations. 

1 Coherent detection requires that the states of polarisation of the 
incoming signal and the local oscillator are aligned. If not, a penalty occurs 
because of the imperfect polarisation mixing efficiency (see also subsection 3.2.1). 
When propagating through vacuum or air, the state of polarisation of light is not 
affected. However, in optical fibre the state of polarisation varies randomly over 
the fibre length and moreover, it changes with time. Therefore, coherent 
transmission systems require some type of polarisation handling. In case of a 
coherent multi-channel system, polarisation handling is required for each channel. 

2 When using coupter-duplexers in a bidirectional communication 
system (subsection 4.1.1), there is a 6 dB duplexing penalty: the 3 dB insertion 
loss of the couplers at either end of the system. This penalty can be avoided by 
applying a different type of duplexer (subsection 4.1.1). In a full-duplex single
wavelength-window bidirectional system, there are two altematives: the optical 
circulator and the polarisation splitter duplexer. The latter is the least expensive of 
the two. However, it requires some type of polarisation handling for the same 
reason as why coherent systems require polarisation handling. 

The first observation suggests the question "Can the polarisation handling of 
several or all coherent channels be combined?" (Answer: yes!). The second abser
vation suggests that "Since polarisation handling in a coherent system is required 
anyway, can we apply the polarisation splitter duplexer without increasing the 
system complexity too much?" (Answer: yes!). This chapter investigates some 
common-po1arisation-handling methods and the application of the polarisation
splitter duplexer in such systems. 

The structure of this chapter is as follows. Section 5.1 discusses the polarisation 
problem and the conventional methods of polarisation handling, and introduces the 
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combination of polarisation duplexing and polarisation handling. Section 5.2 
considers common polarisation control and investigates experimentally over which 
optical bandwidth this method can be used. Also the operation is tested for fast 
polarisation fluctuations and the effect of polarisation-dependent loss is calculated. 
Section 5.3 introduces common data-induced polarisation switching and demon
strates its bidirectional operation in an experiment. Subsequently, a comparison is 
made with common polarisation control and the conventional polarisation handling 
techniques. 

5.1 Overview49 

Single-mode optical fibres alter the polarisation state of the light propagating along 
the fibre. Effects that cause this change are fibre core ellipticity, stress, bending, 
torsion, extemal forces, way of cabling (topologically), electric fields, magnetic 
fields, etcetera [5.1]. At the fibre output, the state ofpolarisation will change with 
time due to fibre handling, vibrations and variation in temperature. The speed of 
the polarisation changes due to temperature variations have a timescale of minutes 
or hours. Much faster fluctuations (10 ms timescale) occur when handling the 
fibre, see fig. 5.1. 

Straight forward coherent detection is polarisation sensitive, only the part of the 
signal that is polarisation matched with the local oscillator light will be detected 
(see subsection 3.2.1). In the worst case the signaland local-oscillator polarisation 
state are orthogonal and no signal is detected at all. Therefore, some type of 
polarisation handling is required. First an overview of conventional methods is 
given; then the combination of duplexing and polarisation handling is introduced. 

4!The measurements in this section were also publisbed in 
T. Pikaar, A.C. van Bochove, M.O. van Deventer, H.J. Frankena, F.H. Groen, 

'Fast complete polarimeter for optica\ fibres,' invited paper EFOC/LAN 89, E-MFOC 89, 
14-16 June 1989, Amsterdam, pp.206-209. 
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Fig. 5.1 Results of the measurements of the behaviour and speed of the fluctuating state of 
polarisation at the end of a fibre in dynamic circumstances. The polarisation 
fluctuations were induced by dropping a 3 m long cabled part of the fibre optie 
link on the floor [5.2]. s1, s2 and s3 are the normalized Stokes parameters (see 
subsection 3.2.1). 

5.1.1 Conventional methods 

At least five methods are known for polarisation handling in coherent systems: 
• polarisation control, 
• polarisation diversity, 
• polarisation scrambling, 
• data-induced polarisation switching (DIPS), 
• use of polarisation maintaining fibre. 

In the following we shall discuss the five methods, see fig. 5.2. 
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45• splice 
FSK modulation 

Fig. 5.2 Polarisation handling: a) polarisation control, b) polarisation diversity, 
c) polarisation scrambling, d) data-induced polarisation switching (DIPS), e) use 
of polarisation maintaining fibre. 
TX: transmitter, RX: receiver, POLC: polarisation controller (response faster than 
the speed of polarisation fluctuations), POLM: polarisation modulator (response 
faster than the bitrate), HIBI: highly birefringent (polarisation maintaining) fibre. 
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Polarisation control 

Polarisation control requires an active component, that. transfarms the state of 
polarisation. The speed of this device may be much slower than the bitrate, as long 
as it is fast enough to follow the polarisation fluctuations (10 ms time scale). The 
oldest and most widely used type of polarisation controller is based on fibre 
squeezers [5.3]. Although quite developed now (5.4] this type of controller 
remains bulky and therefore not so practical. Other mechanical polarisation 
controllers are highly-birefringent-fibre stretchers (5.5] and rotating fibre cranks 
[5.6]. More viabie are the integrated-optical polarisation controllers [5.7], [5.8], 
[5.9], because of their potential of lower costand high reliability. Much effort bas 
been made to develop reset-free or "endless" control algorithms [5.10], [5.11], 
[5.12], [5.13], as it bas been shown theoretically and experimentally that the 
random walk of the state of polarisation over the Poincaré sphere50 is not limited. 
Most control algorithms use the power of the intermediate frequency (IF) signal as 
input and try to maximise this. Usually the polarisation controller is placed in the 
local oscillator branch, because then the insertion loss of the controller will give a 
lower penalty51

, but it is also possible to put the controller in the signal branch. 

Polarisation diversity 

A polarisation-diversity receiver splits the optical signal in two orthogonally 
polarised parts. The two signals are separately received and demodulated, and are 
combined after demodulation. In theory, this metbod bas a 0.39 to 0.7 dB 
sensitivity penalty over polarisation controL In practice, the penalty is more 
because of the 3 dB local-oscillator splitting loss [5.13]. Polarisation diversity was 
first introduced by [5.14] and is now the most commonly used metbod for 
polarisation handling (e.g. [5.15], [5.16], [5.17]). Unlike polarisation control, 

50-fhe Poincaré sphere was introduced in sub-section 3.2.1. The state of polarisation of 
light (linear, elliptical, circular) is represented by a point on the Poincaré sphere. The effect 
of (fibre) birefringence is visualised by a rotation over the sphere. For standard single-mode 
fibre the evolution of the state of polarisation corresponds to the random tumbling around 
the sphere, both as function of fibre length, time and wavelength. 

51The signa! to noise ratio at the output of a coherent receiver can be written as 
S/N=P 5P LO/( c1 +c2P w), see subsection 4.3.1. The power of the detected signa! is proportional 
to the product of the optica! power of the input signa! and the local oscillator power. The 
noise power is the sum of thermal noise (c1) and shotnoise (c2PLO), the latter being 
proportional to the local oscillator power. For sufficient high local oscillator power, SIN 
becomes nearly independent of the local oscillator power. For this reason the insertion loss 
of the polarisation controller gives a lower penalty in the local oscillator branch. 
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polarisation diversity is very suited for opto-electronic integration with the local
oscillator laser and the balanced photodiode pairs [5.18], [5.19], [5.20]. 

Polarisation scrambling 

A reduced polarisation sensitivity can also be achieved by scrambling the polari
sation at a rate faster than the bitrate. The main disadvantages of this technique are 
the 3-5 dB penalty, the broadening of the optical- and intermediate-frequency 
spectrum, and the need for a very fast polarisation modulator. Therefore it is not 
surprising that there are only few publications on this technique [5.21], [5.22]. 

Data-indoeed polarisation switching 

A more viabie variant of polarisation scrambling is data-induced polarisation 
switching (DIPS) [5.23]. In this technique, polarisation switching is combined with 
wide-deviation FSK (frequency-shift keying) modulation. At the transmitter a space 
(0) is sent as f0 with some polarisation and a mark (1) as f1 with the orthogonal 
polarisation. This is achieved by launching the FSK-signal from the transmitter at 
45 o to the principal axes of a highly birefringent medium, usually a long segment 
of highly birefringent fibre. Because of the birefringence, the state of polarisation 
at the output is a (periodic) function of the optical frequency. For a given fre
quency separation f1-f0, the birefringence is chosen such that the polarisation states 
at the output are orthogonal52

• The polarisation orthogonality between the 
polarisation states at the two frequencies remains essentially unaffected in 
transmission to the receiver [5.24]. At the receiver the signal is detected by a 
single balanced coherent receiver, and demodulated with a dual-filter FSK
demodulator or delay-line demodulator [5.25]. 

The effect of DIPS is that if all Os fade because of polarisation, all ls are received 
at maximum power and vice versa, so the signal will never fade completely. In 
theory the penalty is 3 dB compared to polarisation control, but in practice it is 
4-5 dB [ 5 .13] . DIPS requires an FSK-modulation index of at least 2. 6 [ 5. 13]. A 
minimal FSK modulation index is required for the following reason. The frequency 
separation of the ones and zeros is fcf0 • To have orthogonal polarisation switching 
between these two frequencies, the time delay between the fast and the slow axis 

52 A variant uses the data-induced polarisation switching technique in a multilevel system 
with four frequencies and four different polarisation states. This was publisbed in 

M.O. van Deventer, H.G.J. Nagel, 'Multilevel polarization shift keying by using data 
induced polarization switching,' IEEE Pbotonics Technology Letters, vol.4, no.4, pp.475-
478, 1993. 



5. Polarisation aspects 295 

of the highly birefringent fibre should be 1h/(fcfo). This time delay must be much 
smaller than a bit time to avoid intersymbol interference. This requires a minimal 
frequency separation and thus a minimal modulation index. Since an FSK
modulation index of at least 2.6 is required and the whole spectrum must be 
received at the intermediale frequency, only moderate bitrates (up to 1 Gbit/s) are 
feasible. The main advantage of DIPS is the relatively low cost and low system 
complexity, compared to the other polarisation handling methods. The advantage 
of DIPS is especially conspicuous in a distributive coherent multi-channel system, 
where there are much less transmitters than receivers. Here polarisation handling 
is only required at the few transmitters [5.26], [5.27]. 

Use of polarisation maintaining fibre 

To complete the list of polarisation handling methods, it is also possible to make 
use of polarisation maintaining fibre for the whole transmission line [5.28]. This 
method is not practical because of the higher losses, the higher price, the more 
difficult handling and spiicing of polarisation maintaining fibre, and above all 
because almost all of the already installed fibre is standard single-mode fibre. 
N ormally, polarisation-maintaining fibre is only used for transporting the local 
oscillator light to a polarisation controller or a polarisation-diversity hybrid, or for 
data-induced polarisation switching. 

5.1.2 Polarisation duplexing 

All polarisation handling methods can be combined with polarisation duplexing, 
see Fig. 5.3. 

• Common polarisation control uses a single polarisation controller for the two 
directions [5.29]. 

• It is possible to combine the functions of an optical circulator (subsection 
4.1.1) and a polarisation-diversity hybrid in a single optical component [5.30]. 
This combination requires only the addition of a polarisation splitter and a 45 o 

Faraday rotator to the polarisation-diversity hybrid. The direct-detection 
variant of this combination was first proposed in [5.31]. 

• A single polarisation scrambler can be used to scramble the polarisation of 
many channels, both unidirectionally [5.22] and bidirectionally. 

• Likewise, data-induced polarisation switching can be used for many channels, 
uni and bidirectionally [5.32]. 

• Finally, polarisation duplex is also possible in polarisation maintaining fibre, 
since the two principal axes usually have about the same attenuation [5.33]. 
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Two of these five methods are especially interesting, viz. common polarisation 
control and common data-induced polarisation switching. Common polarisation 
control yields the best receiver sensitivity, whereas common data-induced polari
sation switching has a completely passive operation. Each of these methods greatly 
reduces the complexity of the optical system. Therefore these methods are investi
gated in more detail in sections 5.2 and 5.3, respectively. 
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Fig. 5.3 Polarisation handling in bidirectional polarisation multiplexed coherent systems: a) 
common polarisation control (CPC), b) combined circulator and polarisation 
diversity, c) bidirectional polarisation scrambling, d) comroon data-induced 
polarisation switching (CDIPS), e) bidirectional use of polarisation maintaining 
fibre. TX: transmitter, RX: receiver, TRX: transceiver, POLC: polarisation 
controller, POLM: polarisation modulator, HIBI: highly birefringent (polarisation 
maintaining) fibre, PBS: polarisation beam splitter, FR45•: a 45• Faraday rotator 
(about its operation: see section 3.1 and subsection 3.2.2). 
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5.2 Common polarisation control 

Polarisation control was one of the five polarisation handling methods described in 
subsection 5.1.1. In subsection 5.1.2 the simultaneons polarisation handling in 
bidirectional systems was considered. The common polarisation control method can 
be applied more generally: several channels can be handled simultaneously, both 
unidirectionally and bidirectionally, by a single polarisation controller (plus control 
circuitry). This section investigates the possibilities and limitations of common 
polarisation control technique in more detail. 

The structure of this section is as follows. Subsection 5.2.1 discusses different 
network configurations (and services) in which common polarisation control can be 
used. Subsection 5.2.2 checks the reciprocity of optical fibre under dynamica! 
circumstances, since reciprocity is essential for bidirectional operation. Subsection 
5.2.3 considers the effect of polarisation mode dispersion, which limits the optica! 
bandwidth of his method, both theoretically and experimentally. Subsection 5 .2.4 
calculates the effect of polarisation-dependent loss in the transmission path. 

5.2.1 Network configurationg53 

Fig. 5.4 shows the application of common polarisation control in some different 
network configurations for some different services. Notice that common polari
sation control can only be applied to point-to-point connections, since the polari
sation controller can compensate only the polarisation fluctuations of one section of 
fibre. 

53Part of this subsection was also publisbed in 
M.O. van Deventer, 'Full duplex optical communication with one in-line polarisation 

controller,' Electronics Letters, vol.26, no.ll, pp.758-760, 1990. 
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Fig. 5.4 

Subscribers 

Application of common polarisation control in different network configurations for 
different services. a) Point-to-point: disttibution of TV channels. b) Point-to-point: 
video on demand. c) Point-to-point over a passive optica! network: bidirectional 
videophony. TX: transmitter, RX: receiver, TRX: transceiver, POLC: polari
sation controller. 

Example 1: Distribution of TV channels 

Common polarisation control was first proposed for a unidirectional multichannel 
point-to-point system [5.34]. The capacity of the system can be increased by 
adding coherent transmitters and receivers, whereas only a single polarisation 
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controller is required54
• This implementation can be used for a high-eapacity 

tronk line system. Another application is the distribution of a number of cable 
television channels to a group of subscribers [5.35], where only the last short 
conneetion from the polarisation controller to the receivers has to be polarisation 
maintaining fibre. 

Example 2: Video on demand 

Bidirectional common polarisation control was proposed in [5 .29], also for the 
distribution of television channels. But now all polarisation controllers can be 
placed together at the cable television centre, using the return signal as pilot signal 
for polarisation alignment. The return signal can also be used by the subscribers 
for channel selection, e.g. video on demand. A different bitrate or modolation 
format (ASK, PSK, FSK) can be used for the return signal, since this has no 
influence on common polarisation controL 

Example 3: Bidirectional videophony. 

Bidirectional common polarisation control is also very suited for videophony in a 
subscriber network with a passive optical network structure [5.36]. At the local 
exchange, every transceiver has a common polarisation controller, whereas the 
transceivers at the subscribers have just a transmitter and a single balanced 
receiver. Since the videophone channels can be statistically multiplexed, there are 
much less transceivers required at the Iocal exchange than there are subscribers 
(see example 3 of section 2.1). In this way, common polarisation control gives a 
large rednetion in optical components. 

It should be noticed that in all three configurations the main advantage of common 
polarisation control is the reduced system complexity, whereas the possibility of 
increasing the power budget with polarisation multiplexer(s) is only a secondary 
advantage. 

5"The capacity can be increased only to a certain limit. One limit is given by the 
available power budget: see sectien 2.1. Another limit is imposed by the polarisation mode 
dispersion of the fibre: see subsection 5.2.2. 
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5.2.2 Dynamic reciprocity55 

In section 3.1 it was found that optical fibre is reciprocal, i.e. it has the same 
attenuation and time delay in both directions. In subsection 3.2.2 and 3.2.3 
reciprocity was considered for the state of polarisation of light. lt was found, that 
polarisation "identicality" and orthogonality of counterpropagating signals is 
preserved (assuming there is no polarisation independent loss). This reciprocity is 
a crucial condition in the operation of common polarisation controL Redprocity is 
not obvious under dynamica! conditions, since polarisation fluctuations of several 
kHz have been reported [5.2]. Coherent transmission links can have a length of 
over a hundred kilometers and light travels at a speed of "only" 200 km/ms in an 
optical fibre. 

To test the redprocity we built a simple set up conststmg of a DFB laser, a 
polarisation splitter, lO km of fibre, an "orthogonal-polarisation reflector" (OPR) 
and a detector, see fig. 5.5. The OPR consists of a Faraday rotator and a mirror. 
Ideally the Faraday rotation is 45° and then light is returned with a polarisation 
orthogonal to the input polarisation. The operation of an OPR has already been 
described and demonstrared in section 3.2. When the fibre is reciprocal, the 
detector output remains constant at its maximum value. Any deviation will result in 
a decrease of the detector output. 

OPR 

Fig. 5.5 Test set up to test the reciprocity of optica! fibre under dynamic circumstances. 
DFB: distributed feedback laser, OPR: orthogonal polarisation reflector, FR: 
Faraday rotator, M: mirror, PBS: polarisation beam splitter. 

Fig. 5.6a shows the test result. Manual polarisation fluctuations were induced at 
the beginning of the 10 km of fibre, by rapidly shaking and moving the fibre. The 

55This subsection was also publisbed in 
M.O. van Deventer, 'Pull duplex optica! communication with one in-line polarisation 

controller,' Electronics Letters, vol.26, no.ll, pp.758-760, 1990. 
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power at the detector was found to fluctuate. However the magnitude of these 
flnctuations did notdepend on their speed, and the fluctuation remained when the 
10 km fibre was replaced by a short piece of fibre, see Fig. 5.6b. The origin of 
the birefringence-dependence was a non-ideal Faraday rotator. The observed varia
tion corresponds toa Faraday rotation angle of 37°, which bas been confirmed by 
a direct measurement. We examined many oscilloscope traces carefnlly, but we 
could not detect any significant non-reciprocity penalty even for the wildest 
polarisation fluctuations at the beginning of the fibre. 

The trace of Fig. 5.6c was made without the Faraday rotator. The effect of a 
mirror on the state of polarisation was treated in subsection 3.2.2: it reverses the 
handedness of the polarisation state: lefthanded into righthanded and vice-verse. A 
circular polarisation state is reflected orthogonally polarised (maxima in Fig. 5.6c), 
whereas a linear polarisation state is reflected with an identical state of polarisation 
(minima in Fig. 5.6c). 

OPW: 0 V:ZR 2.25;2 lOm : 10mS OPW· 0 VZR i!.252 .SmV: . 5mS 

- ~ - ' : 

al b) cl 

Fig. 5.6 Detector output for mauually induced wild polarisation fluctuations at the 
beginning of the fibre. a) 10 km fibre, b) short piece of fibre, c) Faraday rotator 
removed. 

A second experiment was performed by using a polarisation analyser to measure 
the state of polarisation of the reflected light. The reflected light was split off by a 
polarisation independent coupler. Now a 36 km piece of fibre and a better Faraday 
rotator (about 44° Faraday rotation) were used. Fig. 5.7a shows the result when 
the fibre is moved slowly: the reflected state of polarisation remains at about the 
same point. The fact that it does not stay exactly at one point is caused by the 
(still) non-ideal Faraday rotator and by small spurious polarisation-dependent loss 
in the set up. Fig. 5.7b shows the result when the fibre was shaken and moved 
wildly. The speed of the induced polarisation fluctuations can be derived from Fig. 
5.6c. The fastest fluctuation is about one revolution around the Poincaré sphere in 
5 ms. Still the reflected state of polarisation remains near the same point. But now 
excursions of the state of polarisation are clearly visible. These excursions result 
from the alteradon of the fibre birefringence during the propagation of the light 
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over the 72 km (36 km to the reflector and 36 km back). The largest excursion of 
the state of polarisation is about 15° on the Poincaré sphere. A constant 
polarisation mismatch angle of 15° would result in a penalty of about 0.1 dB 
(-10*log(cos2(15°/2)), see subsection 3.2.1), which is a very small penalty. 
However since the excursion is much smaller most of the time, the penalty will 
also be much smaller. And in practice even excursions of 15° will be very rare as 
the fibre is usually not shaken and moved wildly. Therefore we may conclude, that 
the penalty for dynamic nonreciprocity of the fibre is negligible. 
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State of polarisation received back at the fibre input (Poincaré sphere 
representation). a) Slow polarisation fluctuations. b) Fast polarisation fluctuations. 
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5.2.3 Polarisation mode dispersion56 

Polarisation mode dispersion (PMD) is a phenomena of optical fibre that causes 
signals with different states of polarisatation to have a different propagation delay, 
so PMD induces putse broadening. Aresult of PMD is that fora continuons-wave 
signa! the state of polarisation at the output of the fibre is wavelength dependent 
[5.40]. Therefore this effect limits the optical bandwidth over which common 
polarisation control can be used. PMD is caused by the fibre birefringence due to 
core ellipticity, stress, bending, torsion, external forces, way of cabling 
(topologically), electric field, magnetic fields, etcetera. In the most simpte model 
(first order approximation) PMD is modelled as just one piece of birefringent fibre 
with a group delay !J.r between its two principal axes (fast and slow axis) [5.37], 
[5.38]. The fast and slow axis are called the principal states, and the output state 
of polarisation rotates around the principal states. Here the Poincaré representation 
(subsection 3.2.1) is used to describe the states of polarisation, see Fig. 5.8a. 

Now the power penalty will be calculated for a unidirectional two-channel system, 
in which the two channels (1 and 2) have the same state of polarisation and have 
frequency spacing f1-f2 =!J.f. Because of the PMD, the two channels will have 
different states of polarisation after transmission through the fibre. The polarisation 
controller is controlled to maximize the IF power of channel 1, i.e the state of 
polarisation of the incoming signal is aligned with the state of polarisation of the 
local-oscillator wave. Since the local-oscillator waves of channel 1 and 2 have the 
same state of polarisation, a polarisation mismatch between the two channels will 
result in a penalty for channel 2. The polarisation mismatch is determined by the 
angle between the two states of polarisation on the Poincaré sphere (see subsection 
3.2.1). The maximum polarisation mismatch angle occurs when the input polari
sation is halfway between the two principal states and the polarisation moves on a 

56Parts of this subsection were also published in 
M.O. van Deventer, H.G.J. Nagel, F.M. van den Akker, R.J. Brinkman, 'Improvement of 

polarisation mode dispersion toleranee in high bitrate systems,' 19th European Conference on 
Optica! Communication, ECOC'93, 12-16 September 1993, Montreux, paper Wel6, pp.l73-
176, 

M.C. de Lignie, H.G.J. Nagel, M.O. van Deventer, 'Large polarization mode dispersion in 
fiber optie cables,' Joumal of Lightwave Technology, vol.l2, no.8, pp.l325-l329, 1994, and 

M.O. van Deventer, M.C. de Lignie, H.G.J. Nagel, 'Measurement of polarisation coupling 
lcngth in cabled fibres,' l2th Annual Conference on European Fibre Optie Communications 
and Networks, EFOC&N'94, Heidelberg, 21-24 June 1994, paper 131, 'Papers on Optica) 
Components, Fibres and Cables,' pp. 184-187. 
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great circle, see Fig. 5.8b. This mismatch angle am (indicated in Fig. 5.8b) is 
given by [5.34], [5,42] 

(1) 

The power penalty for channel 2 is in this case [5.34] (see also subsection 3.2.1) 

Penalty -10 log(cos2(aJ2)) dB (2) 
-10 log(cos2(n Ll' IJ./)) dB 

So the maximum penalty depends on the product IJ.7 !J.f. Por a 1 dB power penalty 
the frequency separation with respect to the controlled channel must be less than 

(3) 

Although equation (3) was derived for unidirectional channels with identical states 
of polarisation, it is also valid for bidirectional channels and/or orthogonal states 
of polarisation. 

In practice, the output state of polarisation makes only circular revolutions over the 
Poincaré sphere in case of highly birefringent (polarisation maintaining) fibre. Por 
standard low birefringent fibre the evolution of the state of polarisation as a 
function of optical frequency is more complicated, see Fig. 5.8c. Por small 
frequency changes .!J.f, it is possible to define a rotation axis (principle states) and 
the rotation angle !J.o:. The PMD can be derived from the speed of rotation with 
optical frequency using equation ( 1). 

IJ. T =__!_ dLla 
21t df 

(4) 

There are several definitions of PMD, dependent on the measurement metbod and 
the type of fibre (highly birefringent or low birefringent). N. Gisin [5.39] 
identified no less than eight different definitions of PMD. We notice, that 
sometimes (4) is used in literature as (emperical) definition of PMD. 

PMD in standard low birefringent fibre is modelled very effectively as a random 
concatenation of short pieces of birefringent fibre [5.40]. Each short piece 
represents a rotation over the Poincaré sphere as a function of optical frequency. 
This rotation can be represented by a vector in the "Poincaré space". The direction 
of the vector corresponds with the fast axis (principal state) and the length of this 
vector is the rotation angle !J.a. 
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Fig. 5.8 

a! 

b) 

cl 

Polarisation mode dispersion displayed on the Poincaré sphere. At the fibre input 
the signals with wavelength 1-1, '-z, and X, have all the same state of polarisation. 
Due to PMD the states of polarisation are different at the fibre output. The angle 
a;" is the polarisation mismatch angle between the channels at À1 and >-z (see text). 
a) First order approximation: rotation around a principal state (PSP" PSP:z) as a 
function of wavelength. b) Worst case situation for common polarisation control: 
maximum polarisation mismatch angle otm· c) Measurement on a real fibre [5.38]. 
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For infinitesimal small frequency changes (Af-+df) these veetors are additive: the 
resulting vector is the sum of all vectors. In low birefringent fibre both the length 
(PMD) and tbe direction (principal state) of tbis resulting vector vary witb tbe 
optica! frequency [5.41]. It follows from tbis statistica! approach that, for lengtbs 
larger than the polarisation coupling length, the PMD scales with the square root 
of fibre length [5.41], [5.37]. Tbis is a result of the vector addition, and bas been 
confirmed in many experiments [5.42], [5.43], [5.44]. The coupling length is 
typically in the range 5-250 meter (5.45], [5.46], see also subsection 3.3.2. 

The following part of this subsection contains measurements of the PMD of fibres, 
to quantify the useable optica! bandwidth for common polarisation control and to 
provide more insight in the PMD bebaviour of standard single-mode fibres. After 
that a closer examination is made of PMD and common polarisation controL 

Measurements 

The PMD was measured using a self-built tunable external cavity laser (1470-1560 
nm) [5.47], a commercial wavelength meter (for accurate measurement of the 
optica! frequency) and a polarisation analyser, see fig. 5.9. The measurement 
procedure is as follows. First the external cavity laser is adjusted to a certain 
optica! frequency, say f1• Then the output state of polarisation at tbe fibre output is 
measured for three different states of polarisation at the fibre input (actually three 
linear polarisation states at oo, 60° and 120° with horizontal polarisation). 
Thereupon tbe external cavity laser is adjusted to another wavelengtb, say f2, and 
again the output state of polarisation is measured for the three different states of 
polarisation of the input. Finally, the rotation axis (principle states) and the 
rotation angle Aa are calculated from these two sets of measurements. The PMD 
at optica! frequency 1/2(f1 +f2) is then Ar=Aa/(21f' (f1-f2)). The measurement set up 
is fully automated (except for the adjustment of the external cavity laser). More 
details of this metbod are given in [5.48]. 
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Fiber or Component 
Under Test 

Fig. 5.9 Experimental set up for measuring polarisation mode dispersion. 

309 

The fibres under test were seven fibres onspool with primary coating only (1-7), 
two cabled reels each having six fibres (8-19), and two installed cables (20-21). 
The cables are of the loose-tube type. Fig. 5.10 shows some typical PMD 
characteristics and fig. 5.11 gives the average PMD values of the 21 fibres. The 
PMD clearly fluctuates with wavelength. The PMD of the spools was below 0.1 
ps/..Jkm, whereas the PMD of the cables was much larger: 2 ps/..Jkm in the worst 
case. 
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Fig. 5.10 Typical PMD-versus wavelengtil characteristics: a) fibre 7 (spoot, 12.7 km). b) 
fibre 13 (cable, 0.78 km), c) fibre 11 (cable, 0.78 km). The vertical scale is .:lr, 
the PMD expressed in ps. Notice that the vertical scales are different for a), b) 
and c). 



310 5. Polarisation aspects 

10 

8 
IJ) 

0. 
6 

,t;: 

0 4 
L 
a.. 2 

00 

a) 

25 

1.]o 8 .. 21o Q 20 
1..7o 8 .. 21o 1] 8 .. 21o 

spoel cable spool cable spool cable 
t;: 15 

:5 10 

Ed Ol 
,!;;0.5 c 

.....n.. .1'1 
ID 
..J 0 

00 L 00 10 20 10 20 a.. 10 20 

Fibre no. Fibre no. Fibre na. 
b) cl 

Fig. 5.11 Measured PMD, 1-7: spoot, 8-19: cable on reel, 20-21: installed cable. a) PMD, 
b) length, c) PMD per square root length (assuming the fibre length is larger than 
the polarisation mode coupling length). 

Fig. 5. 10 suggests that there is a relationship between the average PMD of a fibre 
and the speed of the PMD fluctuations with wavelength: if the average PMD is 
low then the speed of the fluctuations with wavelength is also low. In [5 .49] it was 
found theoretically, that for an optical frequency difference smaller than l/(2.6.-r), 
Llr being the average PMD, the PMD values are correlated, whereas for larger 
frequency difference they become uncorrelated. We derived this "correlation time" 
by taking the Fourier transform (spectrum) of the PMD characteristics. As the 
PMD characteristics have a frequency scale, their Fourier transform has a time 
scale. The "correlation time" is inversely proportional to the width of the spectrum 
(standard deviation). Fig. 5.12 shows that there is indeed a direct correspondence 
between average PMD (root-mean-square value) and the width of the spectrum of 
the PMD characteristics, the second being about half of the first. 
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Fig. 5.12 The average PMD and the speed of fluctuations of the PMD characteristic. a) 
PMD-characteristic of installed cable 20. b) Histogram of PMD-values. c) Fourier 
transfarm of PMD characteristic. d) Scalability of the PMD, each "x" represents 
a set of measurements on a fibre. Horizontal scale: standard deviation (taken from 
zero) of the Fourier transform. Vertical scale: RMS-value ofthe PMD. 

Fig. 5.13 shows the effect of concatenating fibres 12 and 13 for different 
adjustments of the fibre polarisation controller between the two fibres. The 
resulting PMD is found to move between the sum and difference of the individual 
PMD. This behaviour can be understood by regarding the PMD as a three
dimensional Brownian motion of the PMD-vector [5.41]. The result of fig. 5.13 
then follows from the triangle inequality for adding vectors. 
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Fig. 5.13 Triangle inequality for PMD. The middle curve in the figures show the PMD of 
the concatenation of fibres 12 and 13. The upper and lower curves are the sum 
and the difference of the individual PMD characteristics. a), b), c) Different 
adjustrnents of the polarisation controller between the two fibres. 
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The effect of temperature was measured by heating the fibre with an electrical 
current through one of the two copper wires that are enclosed with the fibres in the 
cable. In this way a very uniform heating of the fibre is possible. The resistance of 
the other copper wire was measured to determine the temperature. Fig. 5.14a 
shows the effect of uniform heating of the cable: the shape of the PMD curves 
remains approximately the same, whereas the wavelength scale of the curves shifts 
linearly with temperature: -1.06 nrn/°C and -0.93 nrn/°C for fibres 9 and 11. The 
PMD curve was unchanged one month later. Fig. 5.14c shows that the PMD-curve 
of installed cable 20 was quite different after 3 days (caused by non-uniform 
temperature change), although still recognisable (correlation coefficient of 0.54). 
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Fig. 5.14 Effect of temperature on the PMD-characteristic. a) Uniform heating of fibre 9 
(30.9, 25.2 and 19.4 "C). b) Wavelength shift of the PMD characteristic of fibre 
9 versus temperamre. c) Installed cable 20 on December 2Jth and 24"', 1992. d) 
Correlation of the two traces in c). 

Discussion 

The measured values of the PMD of cabled fibres are typically 0.5-2 ps/y'km. 
Then the total PMD of 100 km fibre with 2 ps/y'km is 20 ps. lnserting this value 
into equation (3) shows that the usabie optical bandwidth for common polarisation 
control is ±7.5 GHz from the controlled channel. So the total bandwidth is 15 
GHz, assuming the polarisation controlled channel is in the middle of the other 
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channels. Since in coherent multichannel systems typically channel spacings of 
3-10 GHz are used (see subsection 2.2.1), only a few channels will fit in this 
bandwidth. Or stated more positively: it is always possible to use common polari
sation control for a single bidirectional channel for link lengths less than 100 km, 
as in the third example at the begin of subsection 5. 2.1. 

The measurements show a large difference between the PMD values of the spooled 
fibres and the cabled fibre. This was investigated in more detail in [5 .45]. It was 
found that this difference originates from a factor 50 difference in polarisation 
coupling length between spooled fibres (5 m) and cabled fibres (250 m). In 
spooled fibres the coupling length is short because of the large random coupling 
due to bends, twist and microbending from parts of the fibre touching other parts. 
For the cable there is much less random mode coupling, as in the helically wound 
loose-tube, filled with gel, the fibre can be guided without any mechanica} contact 
with the wall of the loose tube. So in a cable a large linear build up of the intrinsic 
fibre PMD (caused by internat stress) is possible, whereas for spooled fibre the 
square-root-length dependenee starts already at short lengths. 

Some methods have been proposed to overcome the bandwidth limitation from 
PMD. 

• Metbod 1: Principal state transmission [5.50]. This method uses two 
polarisation controllers, one at each end. The polarisation is controlled such, that 
the signals are transmitted at the principal state of polarisation. Principle state 
transmission can be implemented the most easily for bidirectional channels. In that 
case no special control algorithm is required to find the principal state. The 
transmission path for all channels consists of one polarisation controller, the 
optica! fibre and the other polarisation controller. The coherent receiver at one end 
attempts to set the controller at that end so, that the reception is optimum at its 
channel frequency f1• The coherent receiver at the other end does the same for the 
other controller at its channel frequency f2• Due to this simultaneous search, the 
system ends up at the principal state automatically. When principle state 
transmission is implemented, in first order approximation, the output polarisation 
does notchange with the optica! frequency, as shown in fig. 5.8a. However, the 
principal state changes with wavelength. The statistkal theory of PMD [5.41] 
shows that the movement of the principal states over the Poincaré sphere as a 
tunetion of optical frequency has an average speed of about one third of that of the 
state of the polarisation itself. Therefore this method will only gain a factor 3 in 
bandwidth [5.51], aresult that was also found in the experiment [5.50]. 
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• Metbod 2: Transmitting at a wavelength where the PMD is minimum [5.51]. 
When we look at the PMD characteristics, we see that the PMD at the minimum is 
about one third of the average PMD. So also a factor 3 can be gained in 
bandwidth. However, this metbod is not feasible, since the PMD characteristic will 
change with time due to fibre handling (fig. 5.13) and temperature changes (fig. 
5.14). 

Since both methods do not seem feasible enough to overcome the limitation in the 
usabie optical bandwidth, the only alternative is to change the fibre or cable 
design. In [5.45] it is suggested, that the loose tube cabling may be too nice for 
the fibre, as it does not induce much polarisation mode coupling, and so allows the 
large linear build up of the intrinsic fibre PMD (see above). A central bundie 
design [5.52], or fibres in nylon tubes embedded in UV resin [5.53] may be 
better, as these designs allow a eertaio amount of mechanica! force to be exerted 
on the fibre, which apparently does oot lead to significant microbending losses, but 
may be sufficient for polarisation mode coupling [5.45]! 

Condusion 

The cabled fibre used in our experiments limits the usabie optical bandwidth for 
common polarisation control below several tens of GHz, so that only a few 
channels can be handled by this method. Or more positively stated: it is always 
possible for non-excessive link lengtbs to use common polarisation control for a 
single bidirectional channel ( see example 3 in subsec ti on 5. 2.1). On the other 
hand, if one wants to have many channels (examples 1 and 2 in subsection 5.2.1), 
then a cable with lower PMD should be used. 

If the effect of PMD must be reduced, then the only solution is altering the fibre 
or cable design. In [5.54] it is noticed that, when consictering the PMD of an 
optical fibre link, also the PMD of the optical components should be taken into 
account, e.g. the optical isolators in optical amplifiers and the polarisation 
controller itself [5.5]! 

5.2.4 Polarisation-dependent loss 

Whereas the transmission loss of an optical fibre is usually polarisation 
independent, optical components (couplers, amplifiers, isolators) can have some 
polarisation-dependent loss (PDL). In the worst case light is transmitted with the 
state of polarisation that bas the maximum loss. This worst case is valid for both 
direct-detection systems and coherent systems with any of the five polarisation 
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handling methods described in subsection 5 .1.1. However in a common 
polarisation control system there may be an extra penalty. In subsection 3.2.3 it 
was shown that polarisation "identicality" and orthogonality is usually not 
preserved in systems with PDL. Therefore there may be a polarisation mismatch 
for the channel that is not polarisation controlled, which could give an extra 
penalty for this channel. In this subsection it is shown analytically that PDL does 
not give an extra penalty for common polarisation control systems. 

The polarisation mixing efficiency '1Jpo1 is given by the square of the normalised 
inner product of the signal Jones veetors and the complex conjugate of the local 
oscillator Jones vector, see subsection 3.2.1. The transmission loss 7Jioss is the 
quotient of the square modulus of Jones vector of the signal light at the input of 
the fibre and that at the output of the fibre. The total effect '1]101 is the product of 
the polarisation mixing efficiency and the transmission loss. In mathematica! 
terms, these are 

1Eouti2 1Etol2 

1Eoutl2 

'llloss = IEin 12 

TJ tot= Tl P<>l Tl toss 

(5) 

Here E1n, E001, and E10 are the Jones veetors of the signal at the input of the fibre, 
the signal at the output of the fibre, and the local oscillator, respectively. The 
asterix (*) denotes complex conjugation. 

Four simplifications will be made to analyse the effect of PDL. 

1) The total optical network with PDL (Fig. 5.15a) is modelled as a partial 
polariser without retardation, which is placed between two pieces of standard fibre 
with Jones matrices M1 and M2, respectively (Fig. 5.15b). In [5.55] it was proven 
that this is allowed. 

2) All polarisation states are translated to equivalent polarisation states at the input 
and output of the partial polariser [5.56]: E;n=M1Ein• E~u1 =Mï1E001 and 
E;0 =Mï1E10, see Fig 5.15c. E;n can have any state of polarisation because the 
birefringence of the first fibre (M1) is arbitrary. Similarly, E;o can have any state 
of polarisation because the birefringence of the second fibre (M2) is arbitrary. In 
the calculations we shall drop the accents ('). 
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3) We ignore the transmission losses since we are only interested in the PDL. 

4) The Jones vector of the local oscillator may have an arbitrary amplitude and 
phase, since this does not influence the polarisation mixing efficiency. 
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Fig. 5.15 Modelling a network with polarisation-dependent loss (see text). 
a) Network with polarisation-dependent loss. 
b) Network modelled as a parrial polariser, placed between two pieces of low 

birefringent fibre. 
c) Translating the states of polarisation to the input and output of the parrial 

polariser. 
TX: transmitter, RX: receiver. 

The Jones matrix of the partial polariser is 

M=(~ ~) ~th o~c~l (6) 

Here, the polarisation-dependent loss is 
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PDL=-10log(c 2) dB (7) 

The effect of PDL is considered in a two-channel system common polarisation 
control system. "Channel 1" is the channel, that is polarisation controlled, 
"channel 2" is the second, uncontrolled channel, see fig. 5.16. The polarisation 
states for channel 1 are 

(8) 

Here the input polarisation state is chosen arbitrarily. The output polarisation state 
follows from the input polarisation. Since channel 1 is polarisation controlled, the 
local oscillator Jones vector is equal to the output Jones vector times an arbitrary 
complex constant. This constant is taken to be unity (fourth simplification). 

a! 

b) 

E;n,2 

Eout.2 
Elo.2 

channel 1 
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Fig. 5.16 Common polarisation control with polarisation-dependent loss. a) system. b) 
equivalent mathematica! model. 

For channel the polarisation mixing efficiency and the transmission loss are 
respectively 
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"1pot,1 
IET E* 12 

out,l lo,l l 

1Eout,ti 2 1Elo,ti2 

1Eout,tl2 lexi 2
+C

2 !eyl 2 

IEîn,t1
2 lexl2

+ iel 
(9) 

TJ loss,I 

TJtot,I ='I'Jpo{,I'I'Jloss,I ='I'Jloss,I 

In the best case (I ey I =0) the total transmission is '1/101 = 1. In the worst case 
<lex! =0) the total transmission is 'l/101 =c2

• As expected, the worst case 
transmission lossis equal to the PDL. 

For channel 2 there are four possible situations, since the system is either unidirec
tional (u) or bidirectional (b), and channel 2 bas a state of polarisation that is 
either the same (s) or orthogonal (o) to channel 1. These four situations will be 
indicated with "su", "ou", "sb", and "ob", see Fig. 5.17. 

al c:) 
2 

Fig. 5 .17 The four situations for common polarisation controL 
a) "su" unidirectional system, identical polarisation states 
b) "ou" unidirectional system, orthogonal polarisation states 
c) "sb" bidirectional system, identical polarisation states 
d) "ob" bidirectional system, orthogonal polarisation states 
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SU: same polarisation, nnidirectional 

In this situation, channel 2 has the same input, output, and local oscillator state of 
polarisation as channel 1. 

and 

(ex) E =E = in,2 in,! ey 

(ex) E =ME = out,2 in,2 c e y 

(ex) E -E -
lo,2- out,2- cey 

(10) 

(11) 

Notice that equation (11) is identical to equation (9). The polarisation mtxmg 
efficiency is equal to one, since the states of polarisation of the two channels are 
equal. In the best case (I ey I =0) the total transmission is 'IJ oot= l. In the worst case 
(Ie, I =0) the total transmission is 1Jt01 =c2

• So also bere, the worst case 
transmission loss is equal to the PDL. 
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OU: orthogonal polarisation, unidirectional 

In this situation, the states of polarisation of the input signa! and the local 
oscillator of channel 2 are orthogonal to states of polarisation of the input signal 
and the local oscillator of channel 1, respectively. It can easily be checked that 
Ein,2 is orthogonal to Ein,t using the definition of polarisation orthogonality given in 
subsection 3.2.2. 

and 

( )

* e 
E = Y in,2 -ex 

( )
. 

e 
E =ME = y 

out,2 in,2 -cex 

ce 
( )

* 
E - Y 

lo;l.- -ex 

(12) 

(13) 

Now the polarisation mixing efficiency is no longer equal to one, since polarisation 
orthogonality is not preserved for copropagating signals (subsection 3.2.3}. The 
worst case polarisation mixing efficiency occurs for I e. I = I ey I . Then 
17pot =2c2/(1 +c2) 2• Looking at the total transmission we find that in the best case 
(Ie. I =0} the total transmission is '17101 = 1. In the worst case (I ey I =0) the total 
transmission is 17tot =c2

• So again, the worst case transmission loss is equal to the 
PDL. 
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SB: same polarisation~ bidirectional 

In this situation, the states of polarisation of the input signal and the local 
oscillator of channel 2 are identical to the states of polarisation of the output signal 
and input signal of channel 1, respectively. (For the definition of identical 
polarisation states of counterpropagating waves: see subsection 3.2.2) 

(14) 

and 

(15) 

Again the polarisation m1xmg efficiency is unequal to one, since polarisation 
"identicality" is not preserved for counterpropagating signals (subsection 3.2.3). 
Looking at the total transmission, we find that the result is the same as in the case 
"su" (same polarisation, unidirectional, equation (11)). So again, the worst case 
transmission loss is equal to the PDL. 
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OB: orthogonal polarisation, bidirectional 

In this situation, the states of polarisation input signal and the local oscillator of 
channel 2 are orthogonal to the states of polarisation output signal and the input 
signal of channel 1, respectively. (For the definition of orthogonal polarisation 
states of counterpropagation waves: see subsection 3.2.2) 

E = Y (ce) 
in,Z -ex 

( ce ) E =MTE = y 
out,2 in:l -cex 

(16) 

E - y 
( 

e ) 
lo,2- -ex 

and 

(17) 

Here the polarisation mtxmg efficiency is equal to one, because polarisation 
orthogonality is preserved for counterpropagating signals, even in the presence of 
polarisation-dependent loss (subsection 3.2.3). Looking at the total transmission, 
we find that the result is the same as in the case "ou" (orthogonal polarisation, 
unidirectional, equation (13)). So again, the worst case transmission loss is equal 
to the PDL. 
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These four situations are illustrated in fig. 5.18 fora PDL of 3 dB (i.e. c2 =0.5). 
The vertical scale is the penalty in dB (-10 log(17) ). The horizontal scale is the s1 

parameter of the input polarisation of channel 1. s1 is given by (see subsection 
3.2.1) 

(18) 

s1 = 1 for horizontal (x) polarisation and s1 =-1 for vertical (y) polarisation. 
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Fig. 5.18 The effect of a 3 dB polarisation-dependent lossin a common polarisation control 
system. a) polarisation efficiency 'lpo~> b) transmission loss .,...", c) total effect .,..,. 
(see text). 

In Fig. 5.18a, it can beseen that the polarisation mixing efficiency 7lpo1=1 for the 
situations "su" and "ob". This is so, because identical polarisation states are 
always preserved for copropagating waves, whereas orthogonal polarisation states 
are always preserved for counterpropagating waves, even in the presence of 
polarisation-dependent loss (see subsection 3.2.3). For the other two situations 
"ou" and "sb" there can be a polarisation mismatch, i.e. 1Jpo1 < 1. However, this 
mismatch is never larger than the PDL. 
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In Fig. 5.18b the transmission loss is shown. The transmission loss varies in all 
four cases between c2 ~ 'lltoss ~ 1. The same is true for the total effect of 
transmission loss and polarisation mismatch: c2 ~ 'lltot ~ 1. Por none of the four 
situations the total effect of polarisation mixing efficiency and transmission loss 
exceeds the PDL, see Fig. 5.18c. 

To our surprise, we conclude that PDL does not give an extra penalty for a 
common polarisation control system. The worst case transmission results in a 
penalty equal to the polarisation-dependent loss c2

, just as for any of the other 
polarisation handling methods. 

5.3 Common data-induced polarisation switching'7 

Data-induced polarisation switching was one of the five polarisation handling 
methods described in subsection 5 .1.1. In subsection 5 .1.2 the simultaneons polari
sation handling in bidirectional systems was considered. Like the common 
polarisation control method, the data-induced polarisation switching method can be 
applied more generally: the polarisation of several channels can be handled simul
taneously, both unidirectionally and bidirectionally, by the same highly birefringent 
medium (usually a piece of highly birefringent fibre). This section investigates the 
principle, possibilities and limitations of common data-induced polarisation 
switching in more detail, and compares it toother polarisation handling methods. 

The structure of this section is as follows. Subsection 5.3.1 explains the operation 
principle of common data-induced polarisation switching, and discusses its appli
cation. Subsection 5.3.2 demonstrates the viability of common data-induced polari
sation switching with an experiment. Subsection 5. 3. 3 discusses the features of 
common data-induced polarisation switching and compares this technique with 
common polarisation control and polarisation diversity, which is applied most often 
in practice (most references in literature). 

57The major part of this section was published in 
M.O. van Deventer, 'A common data-induced-polarization-switching (CDIPS) method for 

coherent optica! transmission systems,' IEEE Pbotonics Technology Letters, vol.4, no.6, 
pp.654-657, 1992, 
and also in thee patent applications 

M.O. van Deventer, 'Transmission system for the polarisation-insensitive transmission of 
signals,' Dutch patent applications no.9002713, 10 December 1990; no.9101505, 6 
September 1991; no.9102159, 20 December 1991. 
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5.3.1 Principle 

Data-induced polarisation switching (DIPS) was already introduced in subsection 
5 .1.1. DIPS is usually combined with wide-deviation FSK modulation. A highly 
birefringent device is placed bebind the transmitter laser and it bas its principal 
axis at 45 o to the polarisation of the transmitter laser. The highly birefringent 
device is designed such that it causes the transmitted polarisation to transmit all Os 
with one partienlar state of polarisation and all ls have a state of polarisation 
orthogonal to the Os. When because of polarisation fluctuations all Os fade at the 
coherent receiver, the ls can still be detected and vice versa. The highly 
birefringent device can be implemented as an interferometer [5.23], [5.57], but 
more practical is application of some highly birefringent fibre [5.25]. The 
advantages of DIPS are the absence of active control and the largely reduced 
system complexity, especially when one DIPS transmitter is shared by many 
simple single coherent receivers in a distribution system. Theoretically, the 
sensitivity of DIPS is 3 dB worse than that of polarisation control, because only 
half of the optical power of the incoming signal is polarisation matebed with the 
state of polarisation and received of the local oscillator and detected. 

Data-induced polarisation switching can also be implemented by placing the highly 
birefringent device in front of the receiver, having its principal axis at 45° with the 
local-oscillator laser polarisation state [5.13], [5.58]. Fig. 5.19 shows the two 
configurations with the highly birefringent device placed at the transmitter and at 
the receiver, respectively. In Fig. 5 .19a light is transmitted with state of 
polarisation ea and received at state of polarisation eb (state of polarisation of the 
local oscillator. In Fig. 5.19b are the transmitter and receiver interchanged. Now 
light is transmitted with the same state of polarisation e~ and received at the sarne 
state of polarisation e: 58

• The combination of highly birefringent fibre plus 
standard fibre is reciprocal (section 3.1). Therefore the transmission is the sarne 
for the two configurations. The complete mathematical proof is given in subsection 
3.2.3. 

58The complex conjugation () of the Jones veetors ea and eb originates from the 
definitions of identical polarisations for counterpropagating waves: two states of polarisation 
are identical if the Jones vector of the one is the complex conjugate of the other, see sub
section 3.2.2. 
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Fig. 5.19 Two configurations for data-induced polarisation switching. a) DIPS with the 
highly birefringent device placed at the transmitter (TX). b) DIPS with the highly 
birefringent device placed at the receiver (RX). 

In reference [5 .13] the configuration of Fig. 5 .l9b is used (placing the highly 
birefringent device with the receiver) in order to make the receiver compatible 
with other types of receivers (polarisation control or diversity) in a distributive 
system. It is also possible to use a single highly birefringent device for DIPS of 
two or more channels simultaneously: common data-induced polarisation switching 
(CDIPS) [5.58], [5.32]. Three network configurations are possible: distributive 
(from local exchange to subscriber), bidirectional and contributive [5.59], [5.32]. 
Signals can be added in both directions by applying passive optica! networks to 
combine and/or separate the different channels, see Fig. 5.20. 

Notice that at the local-exchange side the states of polarisation of all transmitters 
and local oscillators should be at 45 o to the principal axis of the highly bire
fringent device to ensure the proper operation of DIPS. Therefore polarisation 
maintaining fibre should be used in the local exchange for the connections from the 
transmitters and receivers to the highly birefringent device. If standard fibre would 
be used for the conneetion from the transmitter to the highly birefringent device, 
used for DIPS, then the state of polarisation at the input of the highly birefringent 
device is not known and may vary at random because of temperature variations, 
vibrations and fibre handling. In the worst case the state of polarisation is at oo 
instead of 45°. In that case there is no data-induced polarisation switching at all, 
and the Os and ls may fade simultaneously at the coherent receiver. At the sub
scriber side there are no requirements on polarisation. In chapter 2 it was found 
that for a large distributive network a star-tree topology is the best choice. DIPS 
can then be best applied by placing the highly birefringent devices directly after 
the transmitters, so the optica! star can be standard fibre instead of polarisation 
maintaining fibre. 
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Fig. 5.20 Common data-induced polarisation switching: a) distributive, b) bidirectional, c) 
contributive. TX: transmitter, RX: receiver, HIBI: highly birefringent 
(polarisation maintaining) fibre. 

Subsection 5.2.3 showed that polarisation mode dispersion limits the optica! 
bandwidth over which common polarisation control can be used, and therefore the 
number of channels is limited. This is not the case for common data-induced 
polarisation switching. The principle of orthogonal polarisation switching works at 
all optica! frequencies, since the delay between the fast mode and the slow mode 
of the highly birefringent device is independent of the optica! frequency. Actually 
this may be not entirely true, if the highly birefringent device is implemented as 
highly birefringent fibre. Because of fibre dispersion there will be a very small 
variation of the differential time delay between the two modes. However, this 
variation is negligible for the application of data-induced polarisation switching. 
The only limitation of CDIPS is that all signals must have the same modulation 
format, i.e. wide-deviation FSK (FSK modulation index :;:::2.6, see subsection 
5.1.1) with a frequency deviation matched to the highly birefringent device. 
Because of the wide optica! bandwidth of this modulation format (and thus the 
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wide bandwidth of the heterodyne receiver), the application of CDIPS is limited to 
bitrates below 1 Gbit/s. The number of channels is not limited! 

Subsection 5.2.4 showed that polarisation-dependent loss in the optical network 
does not give an extra penalty in a common polarisation control system. The same 
is true fora common data-induced polarisation switching system. In the worst case 
light is transmitted/received a the state of polarisation that has the maximum 
transmission loss. 

5.3.2 Experiments 

With the experiments we want to demonstrate the feasibility of uni and 
bidirectional CDIPS and to test the gain in power budget by applying polarisation 
splitters as diplexer/duplexer for combination/separation of channels (see sub
section 4.1.1). Therefore we connected a polarisation splitter to 180 meter highly 
birefringent (polarisation-maintaining) fibre (PMF), see Fig. 5.21. The polarisation 
splitter was a plasmon wave type splitter with polarisation-maintaining fibre. The 
insertion loss was specified as 0.1 dB and 0.4 dB for TE and TM polarisation, 
respectively. The highly birefringent fibre bas a birefringence (delay between fast 
and slow axis per meter hibi-fibre) of 2.8 ps/m. The polarisation splitter and the 
highly birefringent fibre were connected at 45 o using manipulators and index 
matching liquid. The remaining ends of the highly birefringent fibre and the 
polarisation splitter were fusion spliced to standard 91125 single-mode fibre 
(SMF). Polarisation controllers (not shown in Fig. 5.21) were used to assure 
maximum transmission through the polarisation splitter. FC-PC connectors were 
used for connections between single-mode fibres. Polarisation fluctuations of the 
transmission path were simulated with a fibre polarisation controller [ 5. 6]. 

The total insertion loss was about 3.1 dB (one FC-PC connection, two PM-SM 
splices, one 45° PMF-PMF splice and the insertion loss of the polarisation 
splitter). We did not measure the individual splice losses. If we use splice losses 
known from literature: (0.5 dB fora 45° PMF-PMF splice and 0.8 dB fora PM
SM splice [5.5]) and 0.5 dB for the FC-PC connection, we calculate an insertion 
Ioss of 3.0 dB. If we would have used a standard coupter with 3.3 dB insertion 
loss (3 dB for passively splitting and 0.3 excess loss), the total insertion loss would 
have been 5.4 dB (one FC-PC connection, two PMF-SMF splices and the insertion 
toss of the 1 x2 splitter). In our system the gain in power budget from applying 
polarisation splitter duplexers (see subsection 4.1.1) instead of coupter duplexers is 
2x(5.4-3.1)=4.6 dB. When we calculate 4.5 dB penalty for DIPS and 1 dB 
penalty for polarisation diversity [5.13], CDIPS with polarisation splitters bas a 
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power budget that is approximately equal to a simHar coherent multichannel system 
that uses conpier duplexers and polarisation diversity. 

The transmitter lasers were DFB lasers (wavelength À= 1535 nm, linewidth 
Liv=20 MHz SMF pigtails), wide-deviation FSK (frequency-shift keying) 
modulated at 155 Mbit/s with 1 GHz deviation and using Manchester code. The 
channel spacing between the transmitters was about 10 GHz. We used a scanning 
Fabry-Pérot interferometer as receiver. The optical spectrum measured by the 
interferometer corresponds with the intermediate-frequency spectrum of a coherent 
receiver. The Fabry-Pérot interferometer is tuned to select the channel. The 
polarisation sensitivity of a coherent receiver is simulated by placing a polariser in 
front of the Fabry-Pérot interferometer. This way a coherent receiver is simulated, 
that is polarisation sensitive and wavelength selective. We made this effort to 
simulate a coherent receiver, because at the time of the measurements there was no 
coherent receiver available with sufficient bandwidth. We tested two configurations 
1) Unidirectional: the two transmitters placed at the same side. 
2) Bidirectional: the two transmitters placed at opposite sides. 
The measurement set ups and the result are shown in Fig. 5.21. By adjusting the 
polarisation controller that was placed in the fibre network, we found that in all 
cases, when the Os fade at the receiver, the ls are received at maximum power and 
vice versa. An elementary demonstration of the feasibility of CDIPS was thus 
given. 
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Fig. 5.21 Receiver output for different CDIPS configurations (thick lines: 180 meter highly 
birefringent fibre, PBS: polarisation splitter). 
a) Unidirectional, receiver RX tuned to transmitter TXl. 
b) Unidirectional, receiver RX tuned to transmitter TX2. 
c) Bidirectional, receiver RX tuned to transmitter TX2. 
Traces 1: Os fade, traces 2: 1s fade. 
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5.3.3 Comparison 

In this subsection the (C)DIPS metbod will be compared with other polarisation 
handling methods: ( common) polarisation control and polarisation diversity. In 
sub-section 5.1.1 two more polarisatîon handling methods were discussed: polari
sation scrambling and the application of polarisation maintaining fibre. Polarisation 
scrambling has the same possibilities as DIPS, but the costs of the active polari
sation scrambler will always be higher than that of the passive highly birefringent 
device of DIPS. The large scale application of polarisation maintaining fibre is 
impeded by the worse performance (attenuation) and large cost: about 100 times 
the costs of standard single-mode fibre (year 1994). Moreover, most of the 
installed fibre is already standard single-mode fibre. Therefore polarisation 
scrambling and the application of polarisation maintaining fibre will not be 
considered in the comparison. 

CDIPS has several attractive features. 
• First, it has the advantage of DIPS that it does not require any active 

components such as polarisation controllers, nor does it need the extra optical 
and electrical circuitry that is required by polarisation diversity. Therefore 
DIPS yields the least expensive receiver. 

• Second, the highly birefringent component is shared by two or more coherent 
channels, which implies costs savings. This advantage is especially 
conspicuous in a subscriber network, since a few coherent transmitters and/or 
receivers at the local exchange can be shared by many simple coherent 
receivers and/or transmitters at the subscribers, similar to common 
polarisation controL 

• Third, it does not suffer from the limitation of common polarisation control on 
channel spacing or on number of channels. Namely, the birefringence of PMF 
fibre is almost independent of wavelength. When the channel spacing is 
chosen sufficiently large the interchannel crosstalk is negligible, like in any 
coherent multichannel system. 

• Fourth, it allows for broadcast, distributive and contributive TDMA (time 
domain multiple access) and/or ATM (asynchronous transfer mode) on a 
single coherent channel, which is difficult with common polarisation controL 

• Fifth, 6 dB may theoretically be gained in the optica! power budget by 
applying polarisation splitter duplexers (see subsection 4.1.1) instead of 
coupter duplexers, similar to their application in common polarisation control 
systems. In practice the gain in power budget is lower because of splice and 
insertion losses. 

A limitation of CDIPS is that all signals must have the same modulation format: 
wide-deviation FSK with the deviation chosen the same for all transmitters. 
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Table 5.22 compares common data-induced polarisation switching with common 
polarisation control and polarisation diversity, which is applied the most often in 
practice (most references in literature). Polarisation diversity can be generally 
applied, as the polarisation handling solution forms part of the receiver. Common 
polarisation control and common data-induced polarisation switching will give 
large cost savings in some network configurations, because of the largely reduced 
polarisation handling complexity. An added advantage is the possibility of gaining 
6 dB in the power budget by applying polarisation splitter duplexers instead of 
coupter duplexers (also additive costs). Common polarisation control is especially 
beneficia!, when applied to point-to-point connections, e.g. a coherent multichannel 
trunk connection, and when applied to optical networks with many switched point
to-point connections, like a videophone version of the subscriber telephone 
network. Common data-induced polarisation switching is more generally applicable 
in point-to-multipoint networks, e.g. for the distribution of (HD)TV channels, for 
the coneetion of signals at a central point (studio) and for bidirectional trans
mission. 

In conclusion: application of common polarisation control and especially common 
data-induced polarisation switching can be very advantageous in a coherent 
multichannel network. 

Table 5.22 Comparison of polarisation diversity, common polarisation control and common 
data-induced polarisation switching. Disadvantages of a method are written in 
italics. 

Polarisation diversity Common polarisation Common data-induced 
control polarisation switching 

Conventional technique 

No active components Requires an active No active components 
polarisation controller 
plus control circuitry 

Requires a complex No complex optical No complex optical or 
electro-optical diversity circuitry electrical circuitry 
hybrid, but suitable for 
opto-electronic 
integration 
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Polarisation diversity Common polarisation Common data-induced 
I control polarisation switching 

No limitation in Ihe The number of channels No limitation in the 
number of channels is limited because of number of channels 

polarisation mode 
dispersion 

Fast TDMA is possible, Fast IDMA is not Fast TDMA is 
both distributive and possible possible, both 
contributive distributive and 

contributive 

A 6 dB power budget A 6 dB power budget 
gain is possible by gain is possible by 
applying polarisation- applying polarisation-
splitter duplexers splitter duplexers 
instead of coupler instead of coupler 
duplexers duplexers 

No limitations in bitrate No limitations in bitrate Bitrate limited to 1 
and modulation format and modulation format Gbitls, only wide 

deviation FSK 

No extra penalty for No extra penalty for No extra penalty for 
polarisation-dependent polarisation-dependent polarisation-dependent 
loss loss loss 

Small penalty for Small penalty for Penalty of more than 3 
polarisation handling polarisation handling dBfor DIPS 

Application: general Application: point-to- Application: point-to-
point and passive optical multipoint including 
network broadcast 
(no broadcast) 

Cost saving by sharing Tremendoos oost 
one polarisation saving, since one hibi 
controller over two or a device may be used for 
few channels a whole network 

Bolh unidirectional and Both unidirectional and 
bidirectional! bidirectional! 
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6. Conclusions and guidelines 

The aim of this thesis is to provide a comprehensive overview of bidirectional 
transmission in optical networks. It offers fundamental insight as well as its 
practical application/implementation. Many technical aspects of bidirectional 
transmission were treated in the different chapters: network aspects (ch.2), 
physical aspects (ch.3), transmission aspects (ch.4), and polarisation handling 
(ch.5). Both direct-detection systems and coherent (multi-channel) systems were 
considered. Many experiments have been performed to support the theoretical 
insight. 

The condusion of this thesis is that bidirectional transmission over a single fibre or 
network can be an attractive option to create a system with bidirectional 
communication. Bidirectional transmission offers savings in network costs and 
equipment costs by combining optical functions (special transceivers, bidirectional 
optical amplifiers). Especially in bidirectional {coherent) multichannel systems the 
polarisation handling complexity can be largely reduced. On the other hand, 
bidirectional transmission introduces complications for the system design: 
limitations of the duplexer (loss, wavelength dependence, costs), crosstalk from 
reflections, Rayleigh backscattering {alone or in combination with four-wave 
mixing), Brillouin scattering and crosstalk in optical amplifiers. 

Therefore, when transmission systems are developed that comprise two-way 
communication, bidirectional transmission over a single optical fibre should at 
least be considered. This thesis provides the necessary information for evaluating 
and designing bidirectional single-fibre systems, and it determines the technical 
limitations mentioned before. 

This last chapter summarises the main conclusions of the different sections (section 
6.1) and discusses the practical consequences of the results of this thesis (section 
6.2). 
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6.1 Conclusions 

This subsection summarises systematically all results and conclusions of the 
preceding sections of this thesis. An interpretation of the conclusions for practical 
bidirectional-system design is given by section 6.2. 

Section 2.1 considered the network topology. It was found that the optimum 
topology at transmission level depends on the type of service provided. The best 
topology fora distributive (coherent) multichannel network (e.g. the distribution of 
video channels) is a star-tree topology, since in this way the available power is 
distributed most efficiently. The size of the star network is determined by the 
number of channels. Optical amplifiers are a very viabie way to extend the number 
of subscribers and/or the geographical coverage. In contrast, it was found that for 
a coherent multichannel network in the case of bidirectional services (e.g. 
videophony) a tree-tree topology may be a better network topology, because of the 
relation between the number of channels and the number of subscribers. Optical 
amplifiers were found to be less interesting in this application. 

Section 2.2 discussed the frequency management of coherent multichannel systems. 
Frequency management is relatively simpte in a distributive system, which has all 
transmitters located at the same site. However, when transmitters are distributed 
over two or more locations, as in bidirectional/multipoint networks, some 
frequency stabilisation of the remote transmitters is required. Two schemes were 
found to have a good feasibility, as they require the least extra hardware: the 
"reference frequency comb" scheme, which locks all transmitters to a centrally 
issued distributed frequency comb, and the "tandem locking" scheme, in which the 
remote transmitter is frequency-locked to an incoming channel. Both schemes have 
been demonstrated in experiments. 

Section 3.1 regarded the reciprocity of optical fibre and components. Redprocity 
means that the attenuation and the time-delay of a signal are the same in both 
directions. Most optical components known today are reciprocal: couplers, Y
branches, optical fibres, retarders, optical networks, modulators, (unsaturated) 
semiconductor optica! amplifiers and (unsaturated) doped-fibre optical amplifiers. 
Some exceptions are Brillouin optica! amplifiers, acousto-optic frequency shifters 
and Faraday rotators. Because of their non-reciprocity, Faraday rotators are used 
in optical isolators and circulators. 

Section 3.2 regarded the redprocity of the polarisation behaviour. lt is known that 
the polarisation orthogonality of copropagating waves is only preserved in linear 
redprocal systems, when there is no polarisation dependent loss. However, 
polarisation orthogonality of counterpropagating waves is preserved in any linear 
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redprocal system, even when there is polarisation dependent loss. This property 
was proven analytically and confirmed by experiments. 

Section 3.3 looked at the polarisation properties of Rayleigh backscattering (RB). 
RB is a fundamental effect, in which light bounces off from microscopie defects 
(smaller than the wavelength of the light) in the amorphous structure of the glass. 
RB can be considered as many small reflectors distributed over the fibre. For long 
fibres, the magnitude of the RB is about -32 dB (at 1550 nm). By looking at the 
effect of reflection on the polarisation, it was found that the RB light bas the same 
state of polarisation as the incoming light, while the degree of polarisation of the 
RB light is V3 of that of the incoming light. Two critical assumptions in the 
derivation of these results are that the effective fibre length must be larger than the 
polarisation diffusion length (beat length) and the souree coherence length. In 
practical telecommunication systems these assumptions are valid. The results were 
confirmed by ex.periments. 

Section 3.4 investigated the polarisation properties of stimulated Brillouin 
scattering (SBS). SBS is described as a parametrie interaction of optical waves and 
an acoustic wave. At low powers (~-5 dBm) SBS results in two backscattered 
waves of equal magnitude, one at a 11 GHz (at 1550 nm} higher frequency, and 
one at a 11 GHz lower frequency. The state of polarisation of the SBS light is then 
the same as that of the incoming light, whereas its degree of polarisation is 1fs of 
that of the incoming light, similar to RB. For higher powers the SBS process 
introduces gain at the 11 GHz lower frequency, and it was found that this gain is a 
factor two (in dB) higher for a backward wave with the same state of polarisation 
as the (forward) pump wave, than for the backward wave with the orthogonal state 
of polarisation. Therefore, for high powers most of the incoming light is 
backscattered with the same state of polarisation, and a degree of polarisation near 
100% . All these resul ts were confirmed by ex.periments. 

Section 3.5 investigated the occurrence of interaction between counterpropagating 
waves from four-wave-mix.ing (FWM). The origin of FWM in optica! fibres is the 
dependenee of the refractive index on the total optica! power. FWM results in the 
generation of a fourth optica! frequency from three incoming frequencies, 
satisfying f4 =f1 lt was found that FWM in optical fibre is purely a 
unidirectional process, because of the large phase-mismatch when some of the 
waves are counterpropagating with respect to the others. The only effect in a 
bidirectional system may be the Rayleigh backscattering or discrete reflections of 
FWM light. All these results were confirmed experimentally. 

Section 4.1 gave a systematic overview of the duplex.ing techniques, introduced the 
"crosstalk-suppression ratio" of a duplex.ing technique, and considered the different 
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duplexer types. The simplest duplexer is the coupler, which has a 3 dB 
fundamental loss. The wavelength duplexer does not have this loss and it has 
intrinsic isolation between the two channels. The polarisation duplexer is only 
interesting in coherent systems (see below). At this moment (1994), the optical 
circulator and the optical switch seem to be too complex ( =expensive) for 
practical application as duplexer. 

Section 4.1 did also look at components and systems especially designed for 
bidirectional application: bidirectional opto-electronic integrated circuits, use of 
laser diode transmitters and semiconductor laser amplifiers as optical filter and/or 
photodetector, reflective modulators, bidirectional optical amplifiers, simultaneons 
use of a laser diode as transmitter and local oscillator and the combined 
polarisatîon handling of channels. These designs may provide cost savings in 
bidirectional systems. 

Section 4.2 calculated the bidirectional crosstalk in a direct-detection system. A 
much larger amount of crosstalk (-10 dB at 0.5 dB penalty) can be tolerated from 
a single reflection, than from several reflections or Rayleigh backscattering ( -17.5 
dB at 0.5 dB penalty). Because of the unavoidable Rayleigh backscattering, 
crosstalk suppression between the bidirectional channels is almost always required. 
Subcarrier multiplexing is not a suitable method, because the non-zero linewidth of 
the optical souree results in a broadened spectrum at the subcarrier frequency of 
the crosstalk (also demonstrated in an experiment). The three remaining alter
natives are: 1) two fibres, 2) a coupler-duplexer in combination with time
compression multiplexing "ping-pong", and 3) a wavelength-duplexer with suffi
cient isolation. Option 2) has the intrinsic penalties for the coupler toss and the bit 
rate should be at least doubled for "ping-pong". As for option 3): 25-30 dB isola
tion is usually sufficient, depending onthe link toss. 

Section 4.3 investigated the bidirectional crosstalk in a coherent system. Coherent 
systems are intrinsically immune to bidirectional crosstalk provided the channel 
spacing is properly chosen. Only channel spacings near zero GHz and near 11 
GHz should be avoided, since then transmission is severely impeded by Rayleigh 
backscattering and Brillouin scattering, respectively. lt was found that at zero 
channel spacing some more crosstalk can be tolerated from a single reflection than 
from several reflections or Rayleigh backscattering, similar to direct detection. At 
a channel spacing of both -11 GHz and + 11 GHz Brillouin scattering limits the 
power budget to about 40 dB, relatively independent of the bitrate and the receiver 
sensitivity. All these results were confirmed in system experiments. 

Section 4.4 investigated the application of bidirectional optica! amplifiers, i.e. 
optica! amplifiers without optical isolators. The gain of a bidirectional amplifier 
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should be chosen below a certain value, dependent on the level of reflection and 
Rayleigh backscattering in order to keep the multiple reflection echoes sufficient 
low. lf the reflection level is -32 dB at both sides (dominating Rayleigh 
backscattering), then the maximum gain is about 20 dB for both direct detection 
and coherent systems. The main interaction mechanism between channels in 
erbium-doped fibre amplifiers (EDFA) is homogeneons gain saturation. The noise 
figure increases only in deep saturation. When laser action occurs at some 
wavelength, this leads to gain saturation of the bidirectional EDFA. However, 
transmission at a different wavelength with a lower gain is then still very well 
possible. Forthermore a bidirectional amplifier may enhance the bidirectional 
crosstalk from Rayleigh backscattering, when there is insufficient transmission loss 
between the amplifier and the duplexer. All these results were found in coherent 
system experiments with a bidirectional EDFA developed at PTT Research. 

Section 5 .1 showed that all five polarisation handling methods for coherent systems 
known today can be combined with polarisation duplexing. The polarisation
duplexer avoids the fundamental 3 dB loss of the coupler-duplexer. Moreover, the 
combination with duplexing reduces the amount of optical hardware required for 
polarisation handling, especially in the cases of common polarisation control and 
common data-induced-polarisation-switching, see below. 

Section 5.2 investigated common polarisation control (CPC): the use of a single 
polarisation controller to handle the polarisation of two or more (bidirectional) 
coherent channels simultaneously. CPC is especially advantageous in multichannel 
point-to-point systems and bidirectional point-multipoint systems, as here a large 
rednetion is possible (say a factor of ten) of the total number of polarisation 
controllers in the network. Since the speed of manually induced polarisation 
fluctuations is low compared to the round-trip time of light over a fibre stretch, the 
fibre birefringence can be considered reciprocal, even in dynamic circumstances 
(experiment). Polarisation mode dispersion (PMD) makes the state of polarisation 
wavelength dependent, and so limits the optical bandwidth in which CPC can be 
used. The PMD of many cables and fibres were measured, yielding PMD valnes 
from below 0.1 ps/Vkm up to 2 ps/.jkm. lt was concluded that CPC for a few 
channels (25 GHz bandwidth) is always possible in non-excessively long links. It 
was calculated that polarisation-dependent loss does not introduce additional 
penalties in CPC systems, compared toother systems. 

Section 5.3 investigated common data-induced polarisation switching (CDIPS): the 
use of a short piece of highly birefringent (hibi) fibre to cause orthogonal 
polarisation switching of a wide deviation binary FSK signal. The feasibility of uni 
and bidirectional CDIPS was demonstrated in an experiment. CDIPS has several 
attractive features. lt has a relatively inexpensive receiver design: no polarisation 
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control or diversity. The hibi fibre is shared by many coherent channels: huge cost 
savings. There is no bandwidth limitation as in CPC. And unlike with CPC, fast 
switching between channels is possible. The only limitations of CDIPS are that all 
signals must have the same modulation format and that it is only feasible for 
moderate bitrates (below 1 Gbit/s). 

6.2 Guidelines for bidirectional system design 

This section presents a practical interpretation of this thesis by giving guidelines 
for designing and testing bidirectional optica! communication systems. First the 
question is considered in which case bidirectional transmission may be applied and 
in which case it may be better to have two unidirectional systems, one for each 
direction. Then, assuming bidirectional single optical fibre transmission, the 
crosstalk mechanisms between bidirectional channels are discussed and 
subsequently the choice and the specifications of the duplexer are evaluated. 
Bidirectional coherent multichannel systems are looked at in more detail. 
Subsequently, the application of bidirectional optica! amplifiers is dealt with. 
Finally some guidelines are given for testing bidirectional optica! systems. 

The section is structured in short subsections as follows. 

A. Bidirectional ortwo-times unidirectional? 
Al. Point-to-point links 
A2. Multipoint networks 

B. Duplexing and crosstalk 
B 1. Crosstalk mechanisms 
B2. Choice and specifications of the duplexing technique 
B3. Coherent systems 

C. Bidirectional optica! amplifiers 
D. Testing bidirectional systems 

A. Bidirectional or two-times nnidirectional? 

The choice "Bidirectional or two-times unidirectional?" is a techno-economical 
choice. This choice is a.o. dependent on the application and the type of network. 
The application of bidirectional transmission is discussed below for point-to-point 
links and for multipoint networks. 
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Al. Point-to-point links 

Just duplicating a unidirectional point-to-point link is the most straightforward way 
of making a bidirectional link. In that case there are no new design considerations, 
and the limitations of duplexing are avoided: insertion loss, wavelength 
dependence, polarisation dependence, crosstalk, and the costs of the duplexers. 
The costs of the extra fibre may not be so severe, especially not with the present
day multi-fibre cables and ribbon-fibre technology. At this time (1994), it does not 
seem to be profitable to apply duplexing in point-to-point optica! links. 

Temporary capacity problems in a two-fibre point-to-point link may be solved by 
adding a new channel at a different wavelength (wavelength multiplexing at e.g. 
1300 nm and 1550 nm). This new channel may be added unidirectionally in each 
of the two fibres, or bidirectionally. Both signals have about equal magnitude in 
the unidirectional case, whereas in the bidirectional case the transmitted (and 
backscattered) signa! may be much stronger than the received signa!. So the 
bidirectional solution makes higher demands upon the specifications of the 
duplexer than the unidirectional solution would do on the diplexer, and thus the 
latter is to be preferred59

• 

A2. Multipoint networks 

The situation is different for point-multipoint and multipoint-multipoint networks 
(see chapter 2). Duplexing does not only save fibre in such networks, but optica! 
components as well, like passive optica! splitters, optica! amplifiers (bidirectional) 
or optica! switches (in a switched optica! network). Moreover, with opto-electronic 
integration (OEIC}, the combination of optica! functions and a clever transceiver 
design have all the potential to greatly reduce costs. Many examples were 
presented in subsection 4.1.2, e.g. opto-electronic integration of transmitter laser, 
duplexer, photodiode and pre-amplifier; using laser diodes and semiconductor 
optica! amplifiers also as optica! filter and as photodetector; and using reflective 
modulators. If coherent transmission is applied, then the number of lasers may be 
reduced by a factor of 2 in a bidirectional system by using the transmitter lasers as 
local oscillators as well. In that case, the number of lasers becomes equal to that 
of a direct-detection system. The polarisation handling complexity of a coherent 
multichannel system/network can be greatly reduced by using one of the common 
polarisation handling methods (see below). Moreover, when optica! amplifiers are 
used, a single bidirectional optica! amplifier will be less expensive than two 
unidirectional ones. So: 

5'1>ersonal communication, ing. A.A.P.Th. Westgeest, 1992. 
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When analysing the costs and benefits of bidirectional 
transmission, one should not only consider the ftbre and 
network components savings, but also the savings due to the 
combination and inlegration of optica! functions needed for the 
two directions. 

A special not entirely unrealistic situation is that at some time in future there is a 
distributive network installed with a single fibre to each subscriber. If one wants to 
introduce bidirectional services in that situation then bidirectional multiplexing is 
probably a much less expensive solution than installing a secoud network for the 
upstream signals. This is speculative, however. 

B. Duplexing and crosstalk 

Here the design of a bidirectional system is considered in more detail, assuming 
bidirectional transmission over a single optical fibre or network. First the crosstalk 
mechanisms in optical fibre are discussed. Thereupon the duplexing technique is 
considered. Finally a paragraph is devoted to coherent transmission, since this 
technique has properties which make it as technique ideal for optical 
communication (although not economically in 1994) and bidirectional transmission 
in particular. 

Bl. Crosstalk mechanisms 

The main crosstalk mechanisms in bidirectional optical fibre communication 
systems are reflection and Rayleigh backscattering (see section 3.3). Discrete 
reflections are introduced by connectors, splices and optical components. Rayleigh 
backscattering of the fibre can be considered as a distributed reflector: many small 
reflections spread along the fibre. The magnitude of the "Rayleigh reflector" is 
about -50 dB for 100 m fibre, -40 dB for 1 km fibre, and up to -32 dB for fibre 
stretches of 20 km or more. Discrete reflections can be largely reduced by proper 
component design. However: 

ft is of no use to have the reflection specification of an optical 
component much more stringent than the intrinsic level of 
Rayleigh backscattering of an optica/ ftbre. 

Another bidirectional crosstalk mechanism is Brillouin scattering, which generates 
backward signals at 11 GHz (at 1550 nm) higher and lower optical frequencies 
(see section 3.4). The magnitude of the Brillouin scattering is about 20 dB lower 
than Rayleigh backscattering for signal powers below -5 dBm. Above that level 
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stimulated Brillouin scattering may occur, in which case the backscattered power 
increases exponentially with input power. 

In section 3.5 another non-Iinear effect, viz. four-wave-mixing (FWM), was 
investigated. lt was found that the FWM interaction between bidirectional channels 
is very smalt. 

B2. Choice and specifications of the duplexing technique 

The simplest and least expensive duplexer is the optical coupler, which can be 
used to split and combine signals of any wavelength and polarisation. The coupter 
has a principal insertion loss of 3 dB. An optical circulator {section 3.1) does not 
have this principal loss. At this time (1994), the optical circulator seems to be a 
too expensive component for operational application. The same is true for the 
application of a polarisation splitter as duplexer in a direct-detection system, see 
sub-section 4.1.1. Moreover, neither component provides significant crosstalk 
suppression. In section 4.2 it was calculated that crosstalk suppression is essential 
when using coupter duplexers in a direct-detection system (for coherent: see 
below). Subcarrier duplexing requires a larger guard band between the (groups of) 
bidirectional channels than unidirectional subcarrier multiplexing (subsection 
4.2.2). Time-compression multiplexing (also called "ping-pong" or "half duplex") 
is mostly used for low bitrate bidirectional systems to eliminate crosstalk. 

Full duplex is also possible when using a wavelength multiplexer as duplexer: one 
wavelength for one direction and another wavelength for the other direction. This 
solution does not have the principal 3 dB loss of the coupter and it bas intrinsic 
crosstalk suppression. The isolation of the wavelength-duplexer should be specified 
such, that the crosstalk/signal ratio at the receiver input is less than 17.5 dB (see 
subsection 4.2.1). In general 25-30 dB isolation is sufficient for link losses not 
exceeding 40 dB and a dominating Rayleigh backscatter level of -32 dB (see 
subsection 4.2.3). In conclusion: 

Bidirectiono.l direct-deteerion systems should use either a 
coupler-duplexer in combination with time-compression 
multiplexing ("ping-pong") or a wavelength-duplexer with 
sufficient isolation. 

An interesting option for passive optical networks may be the combination of 
(baseband) time-division multiplexing for the "downstream" direction and 
subcarrier multiple access for the "upstream" direction. This option is only 
applicable for relatively low bit rates (e.g. 64 ISDN channels at 144 kbit/s), since 
a sufficiently large guard band should be observed {see subsection 4.2.2). 
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B3. Coherent systems 

At this time (1994) coherent transmission is not considered economical for 
operational applîcations. However, it does have properties, which make it as 
technique ideal for optical communication: 

• high power budgets (i.e. large transmission distances and/or splitting ratios), 
• the most efficient use of optical bandwidth, 
• large flexibility because of the tunable transmitters and receivers, 
• somewhat less sensitive to multiple reflectîon echoes than direct-detection 

systems, 
• intrinsically suitable for bidirectional transmission, and 
• well compatible for wavelength-division multiplexing with other types of 

transmission systems, because of the low optîcal powers and the intrinsic 
insusceptibility to other optica! signals (see also chapter 1). 

The application of coherent detection in bidirectional transmission systems will be 
considered in more detail below. 

A coherent system is intrinsically insensitive to inter-channel crosstalk because of 
its wavelength selectivity. Thus the coupler-duplexer may always be used for 
bidirectional transmission. Because of the high power budgets (high receiver 
sensitivity), the crosstalk from reflections and Rayleigh backscattering is usually 
(much) larger than the received signa!. Therefore: 

The channel spacing in a coherent system must be chosen 
larger for counterpropagating channels than for copropagating 
channels. 

Even though Brillouin scattering yields lower power levels than Rayleigh 
backscattering, significant power penalties may occur from this effect in 
bidirectional coherent systems (see subsection 4.3.2). So: 

Avoid the bidirectional channel spacing where Brillouin 
scattering is dominant (11 GHz at 1550 nm). 

Frequency stabilisation of all lasers is required in a coherent multichannel system 
if the channels are densely packed (see subsection 2.2.1). When all transmitters are 
located at the same site (distributive system), frequency management may be 
performed centrally, e.g. using some sort of spectrum analyser. However, usually 
the transmitters are distributed over two or more locations in a bidirectional 
system/network. In that case: 
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Two schemes are suited well for frequency stabilisation of the 
remote transmitters, because they require the least extra 
hardware: the "reference frequency co mb" scheme and the 
"tandem locking" scheme. 
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The "reference frequency comb" scheme (subsection 2.2.2) has a central master 
laser that generates a comb of equally-spaced frequencies. This comb is distributed 
over the network, and all transmitters are locked at the required frequency. The 
"tandem locking" scheme (subsection 2.2.3) locks the frequency of a remote 
transmitter to an incoming signal. More details are given in section 2.2. 

Some form of pplarisation handling is essential in coherent systems ( section 5.1). 
However: 

The polarisation handZing complexity of a (bidirectional) 
coherent multichannel network can be greatly reduced by 
applying common polarisation control or common data
induced polarisation switching. 

Common polarisation control (section 5.2) uses a single polarisation controller for 
controlling two or more channels simultaneously. This metbod is advantageous in 
both point-to-point and point-to-multipoint coherent multichannel system. An 
example of the latter is a subscriber network, where only one polarisation 
controller per bidirectional channel is required in the local exchange (see 
subsection 5.2.1). Common data-induced polarisation switching (section 5.3) is 
similar to common polarisation control, but it uses a relatively short piece of 
highly birefringent fibre (200 m) instead of polarisation controllers. When one of 
these two methods is applied, a polarisation-duplexer may be used to avoid the 3 
dB principal insertion lossof a coupler-duplexer. 

C. Bidirectional optica( amplifiers 

Optical amplifiers are used in optical communication systems to increase the power 
budget, as booster amplifier, as in-line amplifier or as preamplifier (only 
advantageous for direct detection, see subsection 4.4.1). An optical amplifier can 
be operated bidirectionally, simply by omitting the optical isolators at the input and 
output. However, multiple reflection (and Rayleigh backscattering) echoes should 
be kept sufficiently low (see subsection 4.4.2): 

When an optica/ amplifier is operated without optica/ 
isolators, the gain should be at most 20 dB, assuming a 
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dominant Rayleigh-backscatter level of -32 dB at either side of 
the amplifier. 

An optical amplifier causes interaction between the different channels of a 
mnltichannel system. lt was found (subsections 4.4.1 and 4.4.3) that: 

The main interaction mechanism in (bidirectional) optical 
amplifiers between channels is gain saturation. 

The saturation of a bidirectional optical amplifier is determined by the sum of the 
optical powers at the two inputs. Since the gain recovery time is in the order of 
milliseconds for doped-fibre amplifiers, the saturation is constant for typical 
bitrates (e.g. 155 Mbit/s and higher). The noise figure of a (bidirectional) optical 
amplifier was found to increase only when the amplifier is heavily saturated. So 
the penalty for an increased noise-figure is always much smaller than the penalty 
for saturation. 

A bidirectional optical amplifier may enhance the crosstalk from reflection and 
Rayleigh backscattering (see subsection 4.4.3). However, this can be avoided by a 
proper system design. 

D. Testing bidirectional systems 

It was found that many small reflections or Rayleigh backscattering give larger 
crosstalk penalties than an equally large single reflection, both for direct-detection 
systems (subsection 4.2.1) and coherent systems (subsection 4.3.1). Therefore: 

Better use a distributed reflector, e.g. the Rayleigh 
backscattering of an optica/ fibre, instead of a single reflector, 
when testing reflection sensitivity. 

The different crosstalk mechanisms (reflection, Rayleigh backscattering, Brillouin 
scattering) and their effects are polarisation dependent (chapters 3 and 4). So: 

Pay attention to polarisation effects, e.g. by testing crosstalk 
pena/ties for several stat es of polarisation. 
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Appendix A: Probability density 
function of polarisation 
states60 

In this appendix we introduce the concept of probability density functions of 
polarisation states for a more systematical approach of depolarisation and the 
evolution of polarisation in optical fibres. This concept is useful when polarisation 
is a random function of wavelength, time and/or distance, like in depolarisers and 
in low birefringent optical fibre. We give three examples of such probability 
density functions: highly birefringent fibre, a Lyot depolariser and low birefringent 
fibre. We present three applications: optical time-domain reflectometer, fibre-optic 
gymscope and the derivation of the polarisation properties of four-wave mixing. 

The relation of this appendix with the rest of the thesis is as follows: 

• Optkal time-domain reflectorneters and a fibre-optic gymscopes are sensor 
applications and they involve bidirectional transmission over optical fibre, 
although not the transmission of (tele)communication signals. The results of 
subsection 3.2.2 are used to derive their polarisation properties. 

• The derivation of the polarisation properties of four-wave mixing, given in 
this appendix, are used in subsection 3.5.2. 

• The statistkal approach of polarisation states in Jones calculus is 
complementary to the statistkal approach of polarisation states in Stokes 
calculus used in subsections 3.3.2 and 3.4.2. 

60'fhis appendix was also publisbed in 
M.O. van Deventer, 'Probability density functions of optica! polarization states: theory and 
applications,' accepted for publication in Joumal of Lightwave Technology, 1994. 
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This subject is put in an appendix, because of its relation with the subject of this 
thesis: the bidirectional transmission of (tele)communication signals. 

I. Introduetion 

Polarisation dependenee is a major issue in optica! fibre communication, since 
many effects depend on polarisation, eg. reflection, Rayleigh back:scattering, 
Brillouin scattering, four wave mixing (FWM), coherent detection, polarisation 
mode dispersion, etcetera. Two types of polarisation calculus are commonly used: 
Stokes calculus [A.l] and Jones calculus [A.2]. Jones calculus uses complex 2-
element veetors and complex 2 x 2 matrices. Stokes calculus uses real 4-element 
vectors, real 4 x 4 Mueller matrices and is represented by the Poincaré sphere. 
When two waves are added coherently (addition of optica! fields), the Jones vector 
of the resulting wave is the sum of the individual Jones vectors. When two waves 
are added incoherently (addition of optica! powers), then the Stokes vector of the 
resulting wave is the sum of the individual Stokes vectors, see also subsection 
3.2.1. 

In subsections 3.3.2 and 3.4.2, we derived the polarisation properties of 
continuons wave Rayleigh and Brillouin scattering in single-mode fibre [A.3], 
[A.4], which are incoherent processes. In this derivation, we considered the 
evolution of the state of polarisation over the optica! fibre and evaluated the 
interaction of the forward and backward wave at each point of the fibre. The total 
interaction can he found by integrating the Stokes-veetors over the fibre length. 
However, this integration is difficult, as the evolution of the state of polarisation is 
different for different fibres, and it changes with time because of temperature 
variations and fibre handling. This difficulty was overcome by consictering 
polarisation in a statistkal way. Although the polarisation state is not known at 
each point individually, we know that these polarisation states all together are 
uniformly distributed over the Poincaré sphere, provided that the total fibre length 
is larger than the polarisation diffusion length [A.9]. Now the integral can be 
replaced by an average over the (uniform) distribution of polarisation states, and 
the polarisation properties of the two incoherent scatter processes are easily 
derîved. 

The purpose of this appendix is to introduce a similar statistica! approach for 
coherent processes using Jones calculus, and to show the practical application. 
Section 11 introduces the probability density function (PDF) of polarisation states 
and gives three examples: highly birefringent fibre, Lyot depolariser and 
(standard) low birefringent fibre. Section III shows three applications: optica! time
domain reflectometer, fibre-optic gymscope and four-wave mixing. Section IV and 
V contain a discussion and the conclusions. 
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11. Theory 

The evolution of an optical field in a fibre can be described by the complex Jones 
matrix T. 

(1) 

Here Ei and Eo are the Jones veetors descrihing the input and output optica! field, 
respectively. The fibre attenuation {a) and the average propagation constant {fJ) 
can be taken out of the Jones matrix. 

-(.! +ifl)z 

T=e 2 U 
(2) 

When there is no polarisation-dependent loss the normalized Jones matrix U is 
unitary (UTU*=I) [A.2]. The matrix U canthen be written as 

(3) 

where u1 and u2 are complex numbers, which are usually functions of wavelength 
(depolariser), time (polarisation scrambler) and/or distance (standard low 
birefringent single-mode fibre). We can consider all Jones matrices that occur as a 
tunetion of wavelength, time or distance, as a whole and write them down in a 
POF, f(ui>u2). So the Jones matrix is now seen as a random matrix, and its POF 
indicates how often a certain Jones matrix occurs. When some parameter depends 
on the random Jones matrix, say the optica! powerPat the output of a system, the 
expectation of this parameter is found by integrating over the POF. 

(4) 

Of course the total probability must be equal to 1, as for any POF. 

J J Cl .f{upu2) du1~ = 1 (5) 
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The integrals of equations (4) and (5) are integrals over the complex CZ space. 
These iutegrals can be written in terrus of the real and imaginary parts of u1 and 
u2, or in terrus of their amplitudes and phases. 

J J rl .. J{ul'uz) dutduz é 

(6) 

J J J J. .. J{upuz) iutidiutid<flt iuzidiuzid<flz 
0000 

with u1 = RE(u1) +i/M(u1) = iu1 ie i'P, 

and u2=RE(u2) +iiM(u2) = lu2 i/'~>2 

Notice that we consider only phases that are in the interval [0, 21r]. So all phases 
are roodulo 21r. We shall use this assumptions implicitly in all following parts of 
the appendix. 

We shall consider the PDF of the Jones matrices of: 1) a piece of highly 
birefringent "hibi" fibre, 2) a Lyot depolariser and 3) a piece of standard low 
birefringent 'lobi' single-mode fibre. 

l Hibi fibre 

We take a piece of hibi fibre that has its fast and slow axis aligned with the x- and 
y-axis. lts Jones matrix over a fibre length z (ignoring attenuation and propagation 
delay) is 

with <p 1(z)=(iA13 z)mod21t (7) 

Here .A(3 is the difference in propagation constant between the fast axis and the 
slow axis of the hibi fibre. We sec, that u2=0 and u1 moves over the unit circle in 
the complex plane. When the total length of the hibi fibre is much larger than the 
beat length {211"/ A(3), u1 will make many rotations during the total length. In this 
case, looking over the whole fibre length, we can consider the phase cp 1 as a 
random variable, which is assumed to be uniformly distributed over the interval 
[0, 211"]. In this approach the exact z-dependence is immaterial. The PDF of the 
matrix U is then given by 
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(8) 

Here ö( ·) is the Dirac impulse function. Equation (8) expresses mathernatically 
that I u2 1 =0, I ut! = l and that the phase of u1 is uniformly distributed over the 
interval [0, 2'11']. The constant 11~ is to make the total probability equal to one 
(equation (5)). Since the use of the Dirac impulse function in integrals rnay be not 
known to all readers, we describe this in more detail in section VI of this 
appendix. 

Instead of looking at the z-dependence, we can also look at the dependenee on 
optical frequency (wavelength). In that case U= U(f) and cp1 in equation (7) is now 
given by cp1 =(1/z ·2'11'·ilt·f) mod 2'11', where át is the differential propagation 
delay between the fast and the slow axis of the hibi fibre. Again u2=0 and u1 

moves over the unit circle in the complex plane, but now as a function of the 
optica} frequency. When the total optical frequency range is much larger than the 
freespeetral range 1/át (broadband optical source, eg. a superluminescent diode), 
all phases cp1 in the interval [0, 2'11'] are present and the same PDF of equation (8) 
can be used. 

2 Lyot depolariser 

A Lyot depolariser [A.lO] is made of two pieces of hibi fibre with different 
lengths, spliced an angle of 45°. lts Jones matrix is a function of the optical 
frequency. 
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with q>a=(2rr.i1tjj mod2rr. 

q>h=(2rr.!1tt!J mod2rr. 

({) 1 =(2rr.{J1ta +!ltJ) mod2rr. 
q>2 =(2rr.(l1ta -lltJ) mod2rr. 

(9) 

Here Llta and !14, are the differential propagation delays of the two pieces of fibre. 
The matrix with the 1/z...[2s represents the 45° rotation between the axes of the two 
hibi fibre pieces. As the pieces of fibre have different lengths, (ilt. +iltb) and 
(ilt.-Lltb) are unequal and nonzero. Therefore for a sufficiently large optical 
frequency range (broadband source) \01 and \Oz are independent random variables, 
each uniformly distributed over the interval [0, 27r]. The PDF of the matrix U is 
then given by 

(10) 

Equation (10) expresses mathematically that I u1 1 I u2 1 lh...[2 and that the phases 
\Ot and \Oz are independent and uniformly distributed, since equation (10) bas no 
\01- or \02-dependence. The constant 11~ is again included to make the total 
probability (equation (5)) equal to one. 

3 Standard 'lobi' fibre 

The state of polarisation in a standard low birefringent single-mode fibre is a 
random function of distance and of wavelength [A.9]. We shall derive the PDF of 
this state of polarisation in a different way than the former two PDF's. First we 
conjecture the PDF and give an interpretation of it. After that we prove in two 
steps that it is consistent with the statistkal theory of polarisation [A.9]. 
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The PDF (conjecture) is given by 

hobi(ul'u2)=~ó( lutl2+ lu2l2-l) 
" 

(11) 

provided that the fibre length is much larger than the polarisation diffusion length, 
or that the optica! frequency range in THz is much larger than 1/PMD, where 
PMD is the average polarisation mode dispersion, expressed in ps. Equation (11) 
implies that (ul>u,J are uniformly distributed over a unit sphere in the complex CZ 
space. The proof that equation (11) is correct is as follows. 

• Step 1: Find the PDF of the output polarisation. 

For an input field Ei the output field Eo is given by (equations (1) and (3)) 

(12) 

The output field Eo is a random variable, since u1 and u2 are random variables. 
Equation (12) can be rewritten as follows. 

RE(Eox) 
RE(E;) -IM(E;) RE(Et) -IM(E;) 

RE(u1) 

IM(E
0
x) IM(Eix) RE(Eix) IM(E;y) RE(E;) IM(u1) (13) 

RE(E
0
y) RE(E;) IM(E;) -RE(Eix) -IM(Eix) RE(u2) 

IM(Eo) 
IM(E;) -RE(E;) -IM(Eix} RE(Eix) 

IM(u2) 
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The PDF of (Eox,Eoy) is found by the transformation as described in [A.ll, p.l73]. 

ft.ul'u2) 
--·· 

a 
aRE(u1) 

a 
aJM(u1) 

(RE(E0x) IM(E
0

) RE(E
0
y) IM(Eoy)) a 

aRE(u2) 

a 
aiM(u2) 

(14) 

ft.ul'u2) 

RE(Eix) -IM(Eix) RE(E;) -IM(Eiy) 

IM(Eix) RE(Eix) JM(Eiy) RE(E1) 

RE(Et) IM(E1) -RE( Eu) -JM(Eix) 

IM(Eiy) -RE(Eiy) -IM(Eix) RE(Eix) 

The denominator in equation {14) is the Jacobian of equation (13). RE(·) and 
IM(·) are the real and imaginary parts of a complex number, and the double 
vertical lines mean the absolute value of a determinant of a matrix. Solving u1 and 
u2 from equation (12) yields 

(15) 

Finally, inserting equation (15) into (14) and expanding the determinant in equation 
(14) yields the PDF of the output state of polarisation. 

(16) 

The magnitude of the output is equal to the magnitude of the input, since we 
ignored attenuation. Apparently the PDF of the output state of polarisation does 
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not depend on the input state of polarisation (for a fibre length larger than the 
polarisation diffusion length or an optical frequency range larger than 1/PMD). 
Then for any input polarisation state the output polarisation state is uniformly 
distributed over a hypersphere in the complex C2 space. 

• Step 2: Write the ontput polarisation in Stokes coordinates. 

We write equation (16) in polar coordinates following the procedure given in 
[A.ll, p.145]. First we write the realand imaginary partsof Eox and Eoy in terms 
of their amplitudes and phases. 

RE(Eo)= IEoxlcos(<pox) 
IM(E0 )= 1Eoxlsin(<p0 ) 

RE(E0)= IEoyicos(<po) 
IM(E0)= 1Eoylsin(<p0 ) 

The PDF of E0 , in terms of amplitudes and phases, is now given by 

=11E E I· "J\; ax' ar 

(17) 

(18) 

The expression within the double lines in (18) is the Jacobian of equation (17). 
Inlegrating out the uniformly distributed absolute phase yields 
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The output polarisation state is written in Stokes coordinates [A.l]. 

SI 1Eoxi2 -1Eol 
S2=21Eoxi1Eoylcos(á<p) 
S3 =2JEoxiiEoyJsin(A<p) 

(20) 

The PDF of (S~>S2,S3) follows from the t,r:ansfçrmqtion of variables [A.ll, p.173]. 
j(S S S )=-ft..iEoxl,iEoyi'Ll<p) 

l' 
2

' 
3 as as as 

1 I I ----
ajEoxl ajEoyl aA<p 

as2 as2 as2 
(21) 

BJEoxl BIEoyl aA<v 

as3 as3 as3 

oJEoxl oJEoyl aA<v 

The denominator of equation (21) is the Jacobian of equation (20). Solving (21) 
gives 

21Eoylcos(A<p) 21Eoxlcos(A<p) -2JEoxiiEoylsin(á<p) 

2JEoylsin(A<p) 21Eoxlsin(A<p) 21Eoxi1Eoylcos(A<p) 

J,A<p) 

(22) 

Inserting (19) into equation (20), using a property of the o( ·) function (see section 
VI of this appendix) and using (20) yields 
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(23) 

So, starting from the PDF of (11), we found that (Sl>S2,S3) is uniformly distributed 
over a sphere with radius I E;, 1

2 + I E;y 1
2

• This is in agreement with the theory, that 
the output polarisation state can be anywhere on the Poincaré sphere with equal 
probability, for any input polarisation state [A.9]. 

Summarising 

Summarising, the PDFs of the Jones matrices of hibi fibre, a Lyot depolariser and 
standard lobi fibre are 

(24) 

111. Application 

We shall show the practical application of the PDFs of equation (24} in three 
examples from the literature: 1) an optical time-domain reflectometer with a piece 
of hibi fibre for depolarisation, 2) a fibre-optic gymscope with a Lyot depolariser 
and 3) the polarisation properties of four-wave mixing (FWM) in standard fibre. 

1 Optical time-domain reflectometer with hibi fibre 

Reference [A.6] describes an OTDR that uses a polarisation beam splitter (PBS) 
instead of a 3 dB coupler to separate transmitted and reflected beam, see Fig. A.l. 
The purpose of the PBS is to avoid the 3 dB loss through the coupler. However, 
the OTDR bas become polarisation dependent now. This polarisation dependenee 
can be removed by placing a piece of hibi fibre directly after the PBS. The hibi 
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fibre has its fast and slow axis coinciding with the x- and y axis, and the PBS is 
rotated at an angle 0. If the angle 0 is chosen in the proper way, the hibi fibre acts 
as a depolariser and the OTDR becomes polarisation independent [A.6]. 

Souree PBS 

~~~==~4-~~1-~~--~\--•H•ib•i-•f•ib.er .. ---F-ib~e~r~u~n~d-er----R-ef-l~ec-t-io_n __ 

test point 

~ Splice at 
angle e 

Fig. A.l. Optica! time-domain reflectometer using a polarising beamsplitter (PBS) [A.6j. 

We shall now show how the operation of this OTDR can be calculated in a simple 
way using the PDF of the hibi fibre of equation (24). The incident light at the hibi 
fibre input is represented by the (normalized) Jones vector 

E.= (c?S 0) 
' sm 0 

(25) 

The light passes the hibi fibre, the fibre under test, a scatter or reflection point, 
the fibre under test in the backward direction and the hibi fibre in backward 
direction, respectively. The Jones matrices of the hibi fibre and the fibre under test 
are U and V respectively. VT and UT are the transposed Jones matrices used for 
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propagation in the opposite direction [A.2]. Assuming no polarisation dependent 
loss of the fibre and ignoring attenuation and delay, then 

(26) 

The Jones matrix of a scatter or reflection point is the identity matrix [A.l2], see 
section 3.2. So the Jones vector of the light returning at the PBS is 
Eoo.,k = ur. vr. V. U .Ei. Only the part of the returning light, that is orthogonal to the 
transmitted light, is passed through the PBS to the detector. This power is found 
by taking the square modulus of the product of ~ack with eu =(-sin(), cos()) (see 
[A.6]). The piece of hibi fibre is taken into account by integrating over the POF of 
U (equation (4)). 

(27) 

0 

J r E. _!_diP 
e -i"'• ' 2" 1 

=.!.sin226+ jKj 2 (cos226-.!.sin2 26) 
2 2 

with K=2i /M(v1v2) 

This result is the same as derived in (A.6]. For 0=27.4° the second term of (27) 
is zero and the OTDR becomes polarisation independent, ie. independent of V. 
lnserting () = 27.4 ° into equation (27) we find P 0 = 1fs. The PBS passes the other o/s 
of the optical power back to the transmitter. The same asymmetry was found in 
[A.3] for Rayleigh backscattering, see section 3.3. At average, % of the 
backscattered power is in the same polarisation as the transmitter, whereas 1/s is in 
the orthogonal polarisation. 
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2 Fibre-optic gyroscope with Lyot depolariser 

A fibre-optic gyroscope (also called "Sagnac interferometer") is constructed as a 
loop mirror as in Fig. A.2. Two ports of an optical coupler are connected to the 
two ends of a fibre spool. Since the propagation delay is identical for the two 
directions {reciprocity) the two contributions interfere constructively and ideally all 
light is reflected back to the input port. However, when the spool is rotated 
continuously, a difference in propagation delay occurs due to the Sagnac effect. 
This phase difference ( 4>) results in a decrease of the reflected light and an 
increase of the transmitted light to the output port of the coupter. The reflected and 
transmitted light can be written as 
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p 
refkct =!(t +kcos(2cf>)) 
P. 2 

ln 

ptransm l 
--=-(1-kcos(2cf>)) 

pin 2 

367 

(28) 

with the contrast factor being k= 1 ideally (a coupter ratio of exactly 50%/50% 
and matched polarisation states). This type of gyroscope can be very sensitive, 
rotation speeds of a fraction of the rotation speed of the earth may be measured. 

Fibre-optic gyroscopes are intrinsically polarisation dependent. Reference [A.5] 
describes a fibre-optic gyroscope that uses a Lyot depolariser in the loop to obtain 
polarisation independence, see Fig. A.2. 

Souree 

- Preflect ---

~ Ptransm 

Fig. A.2. Fibre-<Jptic gyroscope with depolariser [A.5]. 

Using again U and V for the depolariser and the piece of fibre, and <:P for the 
Sagnac phase-shift, the reflected power is 
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p :·ct= I I êll~(ei<l>yu + e -i<f> urvT)Ei ,2. 
In 

(29) 

!Lyot(upu2)d u1 d u2 

The factor IJi in equation (29) comes from passing the 3 dB coupler twice. When 
solving equation (29) there are many terms with ui, u1u2 , u1u~, etcetera. All these 
term become zero, as their expectations are zero. Only the terms with u 1u~ and 
u2u; remain, since E(u1u~)=E(u2u;)= 1h (see section VI of this appendix). The 
result is 

(30) 

Similarly, the transmitted power is 

(31) 

And iudeed the fibre-optic gymscope is polarisation independent, i.e. independent 
of the input polarisation state and independent of the polarisation changes in the 
loop. There is a factor 2 lossin sensitivity when using the depolariser ((30), (31)}, 
since the contrast factor is bere k = 1h, whereas it is k = 1 for a gymscope with 
polarisation controL 

3 Polarisation properties of four-wave mixing in standard fibre 

The non-linear effect four-wave mixing (FWM) is polarisation dependent, i.e. the 
generated fourth wave depends on the polarisations of the three "pump"waves. 
Following Inoue [A.7], the nonlinear polarisation pNL is given by 
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(32) 

where the indices 1, 2, 3 and 4 refer to the angular frequencies "'~> w2, w3 and w4 , 

which satisfy w4=w1+w2-w3, x1122{3),x1122<3>, and x1122(
3J are the tensor components 

of the third-order nonlinear susceptibility, and D is a degeneracy factor. Since the 
matrix U is unitary, the first vector product of equation (32) is 

E
2
(z)·E3* (z) =(T(z)E2(0))T(T(z)E3(0)) * 

=e -«zE2r(O) U T(z) U *(z) E3* (0) 

=e -«zE
2
(0)·E3* (0) 

(33) 

Here Tand U are as defined by equations (1), (2) and (3), and a is the attenuation 
coefficient. Similarly, the second vector product of equation (32) is 

(34) 

The situation is different for the third vector product of equation (32), since it 
contains UTU and not UTU*. 

E 1 (z)'Ez(z) =(T(z)E1 (O)l(T(z)E2(0)) 

=e-"zEt(O) UT(z)U(z) Ez(O) 

lnserting equations (33), (34) and (35) into (32) we find P4NL(z). 

P:L(z) =De -«z[x~3/22(E2(0)·~· (O))E1 (z) 
(3) • +x 1212(E1(0)B3 (O))E2(z) 

+x l3/22(E1 (0)' U r(z) U(z)·E2(0))E3* (z)] 

(35) 

(36) 

The amplitude of the four-wave mixing effect is found by an integration of PlL 
over the fibre length [A.7]. As we assumed an effective fibre length 
Lerr=[l-exp(-aL)]/a much greater than the polarisation diffusion length, 
Lerr~ Ldiff• we can replace this integration by an expectation. Only the third term of 
(36) with UTU is a random variable. The expectation of UTU is the zero matrix. 
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(37) 

So, although the third term of (36) is not zero locally, it appears to be negligible 
compared with the first two terms, as a result of the integration. Finally carrying 
out the integration of ~Lover z (see [A.7]), the result is 

IV. Discussion 

ENL(L)_.21CU> D (3) L 
4 -l-;:;;- Xu22 eff 

. { [E2(0)'E3(0) *]E1(L) 

+ [E1(0)·E3(0) *]EiL)} 

(38) 

This section considers the original calculations on the OTDR, the gyroscope and 
the four-wave mixing, and compares these with the calculations in this appendix to 
show the advantage of using the PDF of Jones matrices. 

The original calculation on the OTDR [A.6] (application 1) divided the power at 
the detector in four portions. Two portions are added coherently (addition of 
optical fields) as they have equal path lengtbs (reciprocity). The magnitude of the 
other portions is found by using the conservation-of-power law. Then the effect of 
the polarisation beam splitter is calculated using Jones calculus. Finally the total 
power at the detector is found by adding all portions incoherently (addition of 
optical powers). 

The original calculation on the fibre-optic gyroscope [A.5] (application 2) 
describes the transmission through the loop by a Jones matrix and gives the 
contrast factor kas a time average of the coefficients of the Jones matrix. Then the 
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Jones matrix of the loop is written as the product of the fibre matrix and the 
depolariser matrix. Thereupon k is calculated, as an incoherent addition of three 
terms containing time averages. lt is not explained in detail how the time average 
is made, only the result is given. 

The original calculation on the four-wave mlXlng effect [A.7] (application 3) 
started with equation (32). This equation is written out in x- and y-components of 
E~> E2 and E3• lt is reasoned that one of the six terms of P~~x is zero, and the same 
for P~~y· Then the fibre is modelled as a concatenation of short pieces of highly 
birefringent fibre. The nonlinear light amplitude E~\ is written as the sum of three 
terms, each of them being the sum over the number of short pieces. By carrying 
out these summations, it was found that the third summation becomes negligible 
compared to the other two for a large number of short pieces. The whole 
calculation covers about four joumal pages with involved rnathematics and many 
terms. 

Looking at the original works, there are many steps involved, sametimes intuitive 
steps and sametimes lengthy mathematics. Although intuitive steps are quite 
important in obtaining an understanding of the physical mechanisms, they may be 
hard to follow. In all three applications we could find the result in essentially two 
steps: 1) writing the parameter of interest in Jones-notation and using random 
variables for the elements of the Jones matrix, and 2) determining the expectated 
value of that parameter by integrating over the PDF of the random Jones matrix. 
The advantage of using the PDFs is the rather straightforward way of obtaining the 
result. 
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V. Conclusions 

We introduced the concept of probability density functions (PDF) of Jones 
matrices. This concept is useful when consirlering the state of polarisation as a 
random function of wavelength, time or distance, like in depolarisers, polarisation 
scramblers and low birefringent optical fibre. We gave explicit expressions of 
three such PDFs: the PDF of a highly birefringent fibre, the PDF of a Lyot 
depolariser and the PDF of a standard low birefringent fibre. For standard low 
birefringent fibre the PDF is such, that the output polarisation state is described by 
a Jones vector, uniformly distributed over a hypersphere in the complex Cl space, 
for any input polarisation state. In Stokes calculus, this corresponds to a polari
sation state that is uniformly distributed over the Poincaré sphere for any input 
polarisation state. 

We presented three applications in which we used the PDFs: a polarisation 
independent optical time-domain reflectometer, a polarisation independent fibre
optic gyroscope and the polarisation properties of four-wave mixing. We could 
find the results in two rather straightforward steps: 1) writing the parameter of 
interest in Jones-notation and using random variables for the elements of the Jones 
matrix, and 2) determining the expected value of that parameter by integrating out 
the PDF of the random Jones matrix, whereas the original calculations ([A.5], 
[A.6], [A.7]) involved many steps, sometimes intuitive steps and sometimes 
lengthy mathematics. 

We coneinde that the concept of probability density functions of Jones matrices 
enables a more concise and systematical approach of problems involving random 
state of polarisation. 
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VI. The Dirac impulse function 

The exact definition of the Dirac impulse function o( ·) is given by 

(39) 

for any function g(x) and any value of x1• 

The fact, that the total probability of the pdf of equation (11) is equal to one 
(equation (5)), is calculated as follows. 

f f (!- flobi(UpUz)duldu2 = 

IJ. _!_ö(lutl2+1uzl2-1)dutduz= 
!!- "2 

21t~21t~ 

J J J J~ö(lutl2 +luzl2-1) lutldlu1 ldcp1 lu2 ldlu2 ldcp2= 
0 0 0 0" (40) 

~ (~)'(2nl' l [ l ö( Iu, I'• Iu, 1'-l)dlu, I'] dl u, 
I m 

j(1)dlu2 12 
+ j(O)d1Uzl2 =1+0=1 

0 1 

The calculation of the total probability of the other two PDFs (equation (24)) is 
similar. 

When some function, say f(x), is multiplied by a o( ·) function, this function f(x) 
may be replaced by another function that has the same value when the argument of 
the o( ·) function is zero. For instanee 

(41) 

This is the property that was used to obtain equation (23) from equation (22). 

The property that the integral of some function multiplied by a o( ·) function, is 
equal to the value of that function when the argument of the o( ·) function is zero 
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(equation (39)) is used to calculate the expectation of u1u~ and ui (equations (29), 
(30) (31)). 

= J lutl2 2ö(iutl 2 -~) lutldlutl 
0 

= fiutl2ö(lutl2-~)dlutl2 
0 

E(u~)= J J CL (u~)fLyot(ul'u2)du1 du2 

1 
2 

=Jf (u~) ...!...o( lutl2-.!)ö( luzl2-..!.)dur duz J CL "'2 2 2 
2lt~ 

= J J ( lutl 2 e 
21'~' 1)-;o( lutl 2 -~) lutld lutl dq>, 

0 0 
21t - f 2i<pld - .... x e q> 1 
0 

= .... x 0 = 0 

The expectation of u2u;, u1u2, u1u;, etcetera, are calculated in a similar way. 

(42) 

(43) 
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Polarisation beam splitter 
Physical contact 
Polarisation-dependent loss 
Positive intrinsic negative 
Power meter 
Polarisation mode dispersion 



List of abbreviations 

PMF 
POLC 
POLDM 
POLM 
PRBS 
PSK 
PSP 
RACE 
RB 
RX 
SBS 
SCM 
SDM 
SMF 
SOP 
SRS 
TCM 
TDM 
TDMA 
TRX 
TV 
TX 
UCOL 
WAN 
WDM 
XC 
XSR 

Polarisation maintaining fibre 
Polarisation controler 
Polarisation-division multiplexing 
Polarisation modulator 
Pseudo-random binary sequence 
Phase-shift keying 
Principal state of polarisation 
Research on advanced communication in Europe 
Rayleigh backscattering 
Receiver 
Stimulated Brillouin scattering 
Subcarrier multiplexing 
Space-division multiplexing 
Single-mode fibre 
State of polarisation 
Stimulated Raman scattering 
Time-compression multiplexing 
Time-division multiplexing 
Time-domain multiple access 
Transceiver 
Television 
Transmitter 
Ultra-wideband local area network 
Wide-area network 
Wavelength-division multiplexing 
Exchange 
Crosstalk -suppression ratio 
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List of symbols 

Symbol Description Unit (dimension) 

complex conjugate 

'·' 
absolute value 

~ copropagating 
~ counterpropagating 

identical polarisation states 
J.. orthogonal polarisation states 

Aeff effective core area mz 
B backscatter fraction 
BER bit-error rate 
B. front -end bandwidth Hz 
B.rr effective receiver-noise bandwidth Hz 
b backscatter parameter s-1 

c velocity of light in vacuum mis 
cz polarisation-dependent loss 
D degeneracy factor 
De chromatic dispersion s/m2 

DOP degree of polarisation 
E(.) expectation 
E field vector (2, complex) 
e, x-component of Jones vector (complex) 

eY y-component of Jones vector (complex) 
F backscatter capture fraction 
f frequency Hz 
f!F intermediate frequency Hz 
flo local oscillator frequency Hz 
f(.) probability density function 
G gain 
Go small-signal gain 
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Gsat saturated gain 
gB Brillouin gain w-tm 

h Plank constant Js 
h(t) backscatter impulse response s-I 

I identity matrix 
lm(.) imaginary part 
i v--1 
L fibre length m 
L transmission loss 

Leff effective length m 
MJ Jones matrix - (2x2, complex) 

Ms Mueller matrix - (4 X4) 
mt>m2, ... components of a Jones or Mueller matrix 

Nth thermal noise density A2/Hz 

NASE ASE density W/Hz 
NF noise figure 
n refractive index 
ng group index 
PMD polarisation mode dispersion s/vm 
Pp pump power w 
Pr, critica! pump power w 
pin input power w 

Pto local oscillator power w 

Pout output power w 
P, receiver sensitivity w 

P. signal power, probe power w 

Psat saturated input power w 

P. crosstalk power w 
Pe(.) conditional probability of error 
Q(.) Gaussian distribution function 
q electron charge c 
R,Rt>R2 reflection 
Re(.) real part 
Rph photodiode responsivity A/W 

~ Stokes vector w (4) 
S0,St>S2,S3 components of Stokes vector w 
SIN signal-to-noise ratio 
§. normalised Stokes vector - (4) 
st>s2,s3 components of normalised Stokes vector 

T transpose of a vector or matrix 
Tb bit period s 
t time s 
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u unîtary Jones matrix - (2x2, complex) 
u1,u2 components of a unitary Jones matrix -(complex) 
v. acoustic velocity mis 
Vg group velocity mis 
Xuu.Xmz, · thîrd-order nonlinear susceptibility m3/J 
X/S crosstalk -to-sîgnal ratio 
XSR crosstalk -suppression ratio 
z coordinate along the fibre m 
a attenuation coefficient m-1 

a ' attenuation coefficient dB/m-1 

am polarisation-mismatch angle rad 
(3 propagation constant m-1 

(3. scattering coefficient m-I 

I: vector denoting propagation directions 
.M bidirectional-channel spacing Hz 
Af8 Brillouin frequency shift Hz 
A(3 phase match parameter m-1 

Áv Iinewidth Hz 
ÁVs Brillouin linewidth Hz 
Á'T polarisation-mode dispersion s 
ó( ·) Dirac impulse function 

'lJph phase-match efficiency 

'llpol polarisation-mixing efficiency 

'llq quanturn efficiency 
'q,. '11po1 for copropagating waves 

'11<> '11po1 for counterpropagating waves 
À wavelength in vacuum m 
V frequency Hz 
~ noise varianee WZorW 
p phase difference signai-crosstalk rad 
cP phase difference fast-slow axis rad 
w angular frequency rad 
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Index 

Acoustic wave 106-111, 230 
Aeonsto-optic frequency shifter 37, 61 
Amplifier 

see Optical amplifier 
Amplified 

reflection/Rayleigh backscattering 257, 272 
spontaneous emission 235, 261 

Amsterdam-Sloten, field trial 
see Trials 

Attenuation 66, 87 
Automatic frequency control 

see Frequency 
Avelanche photodiode (APD) 196 
Balanced receiver 3, 208, 213 
Beam splitter 63, 175 
Bidirectional 

demonstrators 
see Trials 

multiplexing 5, 168, 173, 295 
mul ticbannel 

see Multichannel 
optical amplifier 23, 186-188, 252-275 
transmission 5, 18, 22, 189-219, 252-277 
versus unidirectional 346 

Birefringence 64, 290, 302, 305 
Booster amplifier 20, 225 
Bragg reflection 106, 213 
Brillouin scattering 105-127 

amplification 61, 110 
crosstalk 223, 227 
frequency shift 107, 121 , 225 
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gain 110 
magnitude 106-113 
linewidth 109, 121 
polarisation properties 114-127 
spontaneous scattering 106 
threshold 111 , 220 

Channel spacing 30, 219-232, 233, 244 
Central limit theorem 194, 211, 218, 247 
Characterisation 

see Experiments 
Circulator 62-63, 176, 297 
COBRA demonstrator 

see Trials 
Code-division multiplexing 

see Multiplexing 
Coherence-division multiplexing 

see Multiplexing 
Coherence 

length 95, 104 
modulation 173, 183 

Coherent 
addition of light 70 
beatnote 3, 71, 148 
imaging 222, 236 
multichannel 19, 36-51 
receiver 3, 29, 213, 293 
transmitter 26-28, 213 

Coherent detection 3 
bit-error-rate 208-212, 217 
Brillouin scattering 223 
crosstalk 206-231 
crosstalk-suppression ratio 221 
image rejection 222 
multiple reflections 250-252, 257, 269 
non-zero channel spacing 219-232 
penalty 212, 221 
power budget 174, 231, 300 
Rayleigh backscattering 211, 223 
sensitivity 209, 214 
signal-to-noise ratio 208 
single reflection 210 
zero channel spacing 206-219 
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Index 

Common data-induced polarisation switching 
applications 327, 333 
bidirectional 327, 329 
comparison withother techniques 332 
principle 325-328 
redprocity 325 
unidirectional 327 

Common polarisation control 
applications 298-300 
bidirectional 300, 301-304, 321-322 
channel spacing 30, 313 
comparison with other techniques 332 
polarisation dependent loss 314-324 
polarisation mode dispersion 305-314 
principle 295 
redprocity 301-304 
unidirectional 299 

COSNET demonstrator 
see Trials 

Coupier 174 
Critica! pump power 

see Brllouin threshold 
Crosstalk 

see direct detection, coherent detection, 
optical amplifier 

Crosstalk -suppression ratio 
definition 198, 221 
measurements 229, 244 
multiplexing techniques 199 
specification 205, 219 

Data-induced polarisation switching 294, 324 
neeteetion 

see Direct detection, Coherent detection 
Degree of polarisation 

definition 68 
Rayleigh backscattering 94, 103, 197, 214, 231 
Brillouin scattering 120, 123-124 
four-wave mixing 146, 156 

Demonstrators 
see Trials 

Depolariser 357 
Depolarisation 68, 94, 363 
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Degeneracy factor 
see Four-wave mixing 

Direct detection 3 
bit-error-rate 191-192, 195 
crosstalk 189-206 
crosstalk-suppression ratio 198 
multiple reflections 246-250 
penalty 194, 196 
power budget 174, 204-205 
Rayleigh backscattering 193, 201 
sensitivity 204 
signal-to-noise ratio 192 
single reflection 190 

Direction-division multiplexing 
see Multiplexing 

Diplexer 168 
Dispersion 132, 134 
Distributive systems 

see Unidirectional 
DIVAC 

see Trials 
Doppier shift 61 , 107 
Duplexer 173-178 
Duplexing 

component 
see Duplexer 

domain 169-173 
Dynamica! reciprocity 

see Reciprocity 
Echo 

see Multiple reflections 
Effective 

core area 132, 147 
bandwidth 192, 208 
length 93, 110, 133, 194, 369 

Erbium-doped fibre amplifier 
see Optical amplifier 

Eye pattem 216 
Experiments 

bidirectional 48, 213, 225, 270, 328 
Brillouin scattering 111, 121, 225 
coherent transmission 213, 225, 239, 264, 270 

Index 
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common data-induced polarisation switching 328 
common polarisation control 301, 308 
crosstalk 202, 213, 225, 239 
crosstalk-suppression ratio 229, 244 
four-wave mixing 148 
frequency management 38, 44, 46, 48 
linewidth 241 
multiple reflections 269 
optical amplifier 

amplified reflection/Rayleigh backscattering 270 
crosstalk 241 
laser action 269 
noise (figure) 240, 264 
saturation 262 

polarisation 81, 95, 121, 228, 301, 308, 331 
polarisation mode dispersion 308 
Rayleigh backscattering 95 
redprocity 81 , 30 l 
subcarrier multiplexing 202 
unidirectional 241 

Fabry-Pérot 
filter 31, 33, 44-45 
interferometer 31, 33, 152 

Faraday rotator 61, 74, 81 
Faraday rotator mirror 

Fibre 

Filter 

see Orthogonal polarisation reflector 

birefringence 64, 290, 302, 305 
gyroscope 366 
highly birefringent 38, 64, 92, 295, 297, 325, 356 
Iow birefringent 93, 64, 116, 290, 305-314, 358 

see Optical filter 
Four-wave mixing 

bidirectional 138-158 
degeneracy factor 131 
magnitude 129-134, 152 
phase-match parameter 132 
phase-match efficiency 133, 142 
polarisation properties 134-138, 368-370 
Rayleigh backscattered 145-147, 156 
unidirectional 129-138 
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Frequency 

Gain 

automatic control 28, 37, 46, 49, 214 
comb 31, 37 
division multiplexing 

see Multiplexing, wavelength/subcarrier 
discriminator 28, 214, 294 
driftlfluctuations 26 
image 222 
intermediate 41 , 213, 219 
management 25-51 
reference 29 
shifter 37, 61 
spacing 28-30, 219-231 
stabilisation 26-36, 384 

see Brillouin scattering, Optica! amplifier 
Gaussian noise statistics 190, 194, 208, 211, 217, 247, 249 
Gyroscope 366 
Hermes-type reflective star 207 
Heterodyne spectrascope 32, 44, 385 
Highly birefringent fibre 38, 92, 295, 297, 325, 356 
Holography 139 
Image 

frequency 222 
rejection 222 

Incoherent 
addition of light 72, 87, 91, 190 
souree 95, 173 

lnterferometric noise 247, 249 
lntermediate frequency 27, 41, 213, 219, 294 
Isolator 26, 62, 186-188, 225, 253 
Jones calculus 64, 70, 73, 135, 315, 355-363 
Jones matrix 65, 74 
Laser 

action 256-257, 270 
amplifier 181, 233, 238 
as filter/photodetector 181 
coherence length 95 
frequency drift/fluctuations 26 
linewidth 148,201, 213, 214, 243 
pump 106, 187, 259 
tuning 26 

Index 



Index 

tuning range 28, 44, 206 
Local oscillator 3, 37, 43-50, 213, 290 
Lorentzian linewidth 109, 213, 222-223 
Lyot depolariser 357 
Measurements 

see experiments 
Mirror 74, 78, 97 
Mixing efficiency 

see Polarisation 
Mode-locked laser 37 
Mueller matrix 68, 78, 90 
Multichannel 

frequency management 25-51 
systems 19, 22, 37, 43, 299, 327 

Multiplexing 
bidirectional 168-178 
code-division 172, 199 
coherence-division 173, 199 
direction-division 170, 174, 199, 203, 206, 221 
domains 169 
optical frequency-division 37, 43, 219-232 
polarisation-division 172, 176, 199, 295-297 
space-division 169, 199 
subcarrier 6, 19, 42, 50, 171, 199-203 
time-compression 171, 176, 199 
time-division 19, 171 
wavelapdength-division 6, 170, 179, 185-187, 199, 205 

Multiple reflections 246-252, 257, 269 
Multipoint-multipoint 

see Network 
Network 

Noise 

topology 14-25, 37, 43, 299, 327, 384 
multipoint-multipoint 207, 327, 347 
passive optical 6, 13, 18, 37, 43, 299, 327 
point-to-multipoint 18, 333, 347 
point-to-point 16, 347 

amplifier noise 235 
bandwidth 192, 208 
density 192, 208, 235 
figure 235, 240, 264 
interferometric 247, 249 
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shotnoise 208 
thermal noise 192, 208 

Nonlinear processes 
see Brillouin, Four-wave mixing 

Nonlinear susceptibility 130, 147, 369 
Offset locking 

to reference comb 31, 38, 40 
tandem locking 32, 43, 49 

Optical amplifier 
application 2, 20, 23, 232 
beat noises 236, 240, 263-264 
bidirectional 23, 186-188, 252-275 
crosstalk 233-246 
design 258 
gain 20, 23, 233, 238, 240, 255-258, 260, 262, 268 
laser action 269 
multiple reflections 246-252, 257, 269 
noise 235 
noise figure 235, 240, 264 
reflection 256-258 
saturation 238, 240, 255, 262 
unidirectional 20, 233-246 

Op ti cal 
circulator 63, 176 
filter 4, 31, 185 
frequency-domain multiplexing 

see Multiplexing, wavelength/frequency 
isolator 62, 186-188, 225 
network 

see Network 
switch 176 
time-domain reflectometer 86, 363-366 

Opto-electronic integrated circuits 178-180 
Orthogonal polarisation reflector 74, 78, 81, 95, 103, 301 
Passive optical network 

see Network 
Path-delay modulation 

see Coherence modulation 
Penalty 

see Direct detection, Coherent detection 
Phase-match factor 

see Four-wave mixing 
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Phase-match efficiency 
see Four-wave mixing 

Phase modulator 36, 37, 183 
Phase noise 233 
Phonon 106 
Photodiode 

avelanche (APD) 196 
PIN 190, 248 
responsivity 249 
quanturn efficiency 192, 208 

Photon 106, 209, 237 
PIN photodiode 190, 248 
Ping-pong 

see Multiplexing, time-compression 
Poincaré sphere 68, 83, 93, 98, 116, 124, 304, 306 
Point-to-multipoint 

see Network 
Point-to-point 

see Network 
Polarisation 

analyser 82, 95, 121, 148, 302, 308 
beam splitter 63, 176, 263, 295, 297, 330, 363-364 
beat length 328 
Brillouin scattering 114-127 
calculus 64-79 
control 213, 293, 299 
controller 151, 213, 226 
copropagating waves 64-73, 319-320 
counterpropagating waves 73-86, 301-304, 321-322 
degree of 68, 94, 120, 146, 197, 231 
dependenee 81, 290 
dependent loss 214, 314-324, 343 
diffusion length 93, 104, 354, 369 
diversity 49, 293, 332 
division multiplexing 

see Multiplexing 
duplexing 172, 295-297 
four-wave mixing 134-138, 368-370 
fluctuations 291, 301-302 
handling 289-333 
in optica! fibre 291 
maintaining fibre 38, 92, 295, 325, 356 
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mode dispersion 97, 305-314, 385 
modulator 294 
mismatch angle 72, 303, 306 
mixing efficiency 

Brillouin 116 
common polarisation control 317-323 
definition 71 
four-wave mixing 137 

orthogonality 66, 76, 79, 301 
principal state 306, 313 
Raman scattering 72 
Rayleigh backscattering 90-105, 197, 231, 250 
redprocity 

see Redprocity 
rotation 63 
scrambling 38, 46, 294, 385 
splitter 176, 263, 295, 297, 330 
switching, data-induced 46, 294, 324-333 

Polariser 66, 80, 82 
Power budget 

see Direct detection, Coherent detection 
Preamplifier 2, 184-186, 236, 241 
Principal state of po1arisation 306, 313 
Probability density function 

Gaussian noise 192, 208, 211 
polarisation states 93, 116, 136, 353-374 
Rayleigh backscattering 194, 211 

Pump laser 106, 187, 259 
Raman scattering 72, 233 
Rayleigh backscattering 

accumulation 89 
amplified 257, 272 
crosstalk 193-196, 211-213, 228 
magnitude 106-113 
of four-wave mixing waves 145-147, 156 
polarisation properties 90-105 
probability density function 194, 211 

Receiver 
APD receiver 196 
balanced receiver 3, 208, 213, 385 
PIN receiver 190, 248 

Reciprocity 
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Index 

definition 60, 73 
dynamic 301-303 
polarisation 79-86 

Reference frequency comb 31, 36, 37 
Reflection 

amplified 257, 272 
elimination 81 
multiple 246-252, 257, 269 
single 190, 210 
to laser 26 

Reflective 
modulator 182, 197 
star 206 

Re ft eetometer 
see Optical time-domain 

Reflector 74, 78, 95, 103, 301 
Sagnac interferometer 

see Gyroscope 
Saturation 238, 240, 255, 262 
Scattering 

see Brillouin, Raman, Rayleigh 
Self homodyne/heterodyne 241 
Semiconductor laser (amplifier) 

see Laser (amplifier) 
Signal-to-noise ratio 

see Direct detection, Coherent detection 
Single reflection 190, 210 
Single-souree system 182, 197 
Shotnoise 

see Noise 
Sloten, field trial 

see Trials 
Space-division multiplexing 

see Multiplexing 
Spectroscope 32, 44 
Splitting ratio, optimal 
Spontaneons emission/scattering 

see Optical amplifier noise, Brillouin scattering 
Stabilisation 

see Frequency 
Star 

reflective 206 
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transmissive 19-22, 37, 43 
State of polarisation 

see Polarisation 
Stimulated scattering 

see Brillouin, Raman 
Stokes calculus 66, 77, 90, 114 
Subcarrier multiplexing 

see Multiplexing, Experiments 
Thermal noise 192, 208 
Time 

compression multiplexing 
see Multiplexing 

division multiplexing 
see Multiplexing 

domain reflectometer 
see Optical time-domain 

Topology 
see Network topology 

Totaalnet Zuid-Limburg 
see Trials 

Transceiver design 178-186 
Transmissive star 19-22, 37, 43 
Transparency 15, 232 
Trials 

Amsterdam-Sloten field trial 6, 17, 204 
COBRA demonstrator 239, 253, 385 
COSNET demonstrator 6, 42-51, 385 
DIVAC 6 
Totaalnet Zuid-Limburg 5 
UCOL demonstrator 36-41, 384, 385 

Tuning range 
see Laser 

Unidirectional 
distributive transmission 6, 17, 19, 299, 327 

UCOL demonstrator 
see Trials 

Wavelength 
division multiplexing 

see Multiplexing 
splitter 6, 18, 176, 199, 205, 259 
window 6, 26, 190 

Y-branch 175 

Zuid-Limburg, Totaalnet 
see Trials 
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I. Een spiegel verwisselt niet links en rechts, maar voor en achter. 
(Dit proefschrift, subsectie 3.2.2) 

II. De polarisatie orthogonaliteit van twee tegengesteld lopende golven blijft 
behouden in een lineair recipeook medium, zelfs als er polarisatie-afhanke
lijke verliezen optreden. Dit in tegenstelling tot het geval van twee golven 
die in dezelfde richting lopen. 
(Dit proefschrift, subsectie 3.2.3 en 
M.O. van Deventer, 'Preservation of polarisation orthogonality of counter
propagating waves through dichroic birefringent optical media: proof and 
application ,' Electtonics Letters, vol.27, no.l7, pp.1538-1540, 1991) 

HL De polarisatiegraad van Rayleigh terugstrooiingligt rond de 33% in stan
daard zwak-dubbelbrekende glasvezel en niet willekeurig tussen 0% en 
100%, zoals vaak wordt aangenomen in de literatuur. 
(Dit proefschrift, subsectie 3.3.2 en 
M.O. van Deventer, 'Polarization properties of Rayleigh backscattering in 
single-mode fibers,' Journat of Lightwave Technology, vol.11, no.l2, 
pp.1895-1899, 1993) 

IV. Het pompvermogen van het gestimuleerde Brillouin verstrooiingsproces 
wordt in standaard low-birefringent glasvezel gebruikt in een verhouding 
o/3:1/s voor de Brillouin versterking van de achterwaarts lopende golven met 
dezelfde en orthogonale polarisatie, en niet lh: Yz, zoals vaak wordt aange
nomen in de literatuur. 
(Dit proefschrift, subsectie 3.4.2 en 
M.O. van Deventer, A.J. Boot, 'Polarization properties of stimulated 
Brillouin scattering in single-mode fibers,' Joumal of Lightwave Technolo
gy, vo1.12, no.4, pp.585-590, 1994) 

V. Meerdere kleine reflecties of Rayleigh terugstrooiing verstoren tweerich
tingstransmissie ernstiger dan een evengrote enkele reflectie. Vooral in 
directe detectie systemen kan dit verschil tot een grote onderschatting van 
de gevoeligheid voor reflecties leiden. 
(Dit proefschrift, subsecties 4.2.1 en 4.3.1 en 
M.O. van Deventer, 'Power penalties due to reflection and Rayleigh 
backscattering in a single frequency bidirectional coherent transmtsston 
system,' IEEE Pbotonics Technology Letters, voL5, no.7, pp.851-854, 
1993) 



VI. In een synnnetrische 2x2 optische 90° fasediversiteitshybride is een 
throughput van 29.3% mogelijk. Dit is meer dan de 25%, die meestal in de 
literatuur wordt verondersteld. 
(M.O. van Deventer, 'Phase-diversity hybrid optimization in case of a two
detector receiver,' IEEE Pbotonics Technology Letters, vol.4, no.9, pp. 
1060-1062, 1992) 

VIL a) Enerzijds kan telecomunicatietechnologie gezien worden als een vorm 
van schone technologie volgens de definitie uit het boek "Milieu
technologie". 
(ir. W.T. van Deventer, 'Milieutechnologie, van schoonmaaktechnologie 
naar schone technologie,' Samsom H.D. Tjeenk Willink bv., Alphen aan 
den Rijn, 1994) 
b) Anderzijds is een goed functionerend teleconnnunicatienetwerk een 
katalysator in de ongebreidelde toename van productie, transport en reizen. 

VIII. a) Op eenzelfde manier als electromagnetisme en mechanica samen komen 
in de electromechanica, zo komen acoustiek en thermodynamica samen in 
de thermo-acoustiek. (C.M. de Blok, N.A.H.J. van Rijt, 1987) 
b) Een ideale thermo-acoustische omzetter heeft het Carnot -rendement, 
zowel de warmte-motor als de warmte-pomp. 
c) Een ideale thermo-acoustische versterker is precies anti-reciprook, de 
versterking in de ene richting is gelijk aan de verzwakking in de andere 
richting. 

IX. Het minimaal benodigde aantal onderdelen voor een niet-triviale mechani
sche puzzel is niet twee, zoals vaak wordt verondersteld. Ook een mechani
sche puzzel die slechts uit één massief onderdeel bestaat kan als puzzel 
interessant zijn. 
(M.O. van Deventer, 'Cliff Hanger,' l21n International Puzzle Collectors 
Party, Tokyo, 31 juli-I augustus, 1992) 

X. Als er meerdere loketten naast elkaar geopend zijn zou je verwachten, dat 
men voorkeur heeft voor de kortste rij. Paradoxaal genoeg staan er altijd 
meer mensen in de langste rij. 
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