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Résumé

Lors de l'encodage de I'information sur une onde électromagnétique, telle la lumiére
infrarouge pour la transmission dans la fibre optique d’'un réseau de télécommunication,
n'importe quelle propriété de la lumiére cohérente peut étre modulée. L'onde a une
fréquence, une intensité, une polarisation et une phase. Jusqu'a tout récemment, les
systémes de communication optique utilisaient strictement la modulation d’intensité
pour encoder I'information soit en format non-retour-a-zéro (NRZ) ou retour-a-zéro
(RZ). Un certain nombre de formats de modulation optique avancés ont regu une
attention croissante au cours des derniéres années. Un exemple est la modulation de
phase diftérentielle (PSK pour « phase shift keying »), qui transporte l'information sur
la phase optique. Puisque la phase absolue n'est détectable que par démodulation
cohérente, I'encodage diftérentiel dans lequel la phase d'un bit subséquent est utilisée
comme phase relative de référence, est devenu une méthode de choix. Le résultat est
I'encodage en phase diftérentielle (DPSK pour « differential-phase-shift-keying »), qui
repose non pas sur la valeur absolue de la phase mais sur la diftérence de phase optique

entre bits successifs.

Dans cette thése par articles, composée de six publications, nous étudions la
génération, la transmission et la démodulation du DPSK dans les systémes de transmission
par fibre optique. Nous proposons une nouvelle fagon d’encoder les paquets optiques en
utilisant le DPSK dans notre étude de la génération. Nous étudions la transmission grace

a un nouvel outil de surveillance des eftets utilisant la mesure des signaux d’horloge
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assisté d'un interférométre Mach-Zehnder ayant un délai partiel. La méthode permet la
surveillance continue et sensible du rapport signal-sur-bruit optiques (OSNR pour
« Optical Signal to Noise Ratio »), de la dispersion chromatique et de la dispersion des
modes de polarisation. Ensuite nous examinons la démodulation de DPSK en analysant
la réduction des tolérances ainsi que la pénalité de démodulation lorsque qu'un délai de
plus qu’un bit est utilisé dans l'interféromeétre. Nous proposons également une méthode
optique de correction d’erreurs combinant les fonctions de logique binaire d'un
démodulateur DPSK avec les fonctions de logique binaire électroniques dans le but
d’améliorer la sensibilité et la tolérance aux effets de transmission. Enfin, nous
redéfinissons la tolérance a la dispersion chromatique du Non-retour-zéro-DPSK et du
Retour-a-zéro-DPSK lorsque les parameétres de démodulation tel que le filtrage optique

et I'interfrange du démodulateur sont optimisés.



Abstract

When encoding information on an electromagnetic wave such as infrared light, to
be transmitted through an optical fibre in telecommunication networks, any of the
physical properties of light can be modulated. Light has a frequency, intensity,
polarization and a phase. Until recently, optical communication systems strictly
employed conventional intensity (IM) modulation signals in either non return-to-zero
(NRZ) or return-to-zero (RZ) format. But a number of advanced optical modulation
formats have attracted increasing attention in the last few years. One prime example is
the phase-shift-keyed (PSK) family of formats which carry the information on the
optical phase. Since absolute phase is not easily detected through coherent
demodulation, differential encoding in which the phase of the preceding bit is used as a
relative phase reference for demodulation has become a method of choice for phase
modulated signals. The result in the differential-phase-shift-keyed (DPSK) formats,

which carry the information in the difference in optical phase between successive bits.

In this thesis by article, composed of six papers, we investigate the generation,
transmission and demodulation of DPSK in optical fibre transmission systems. We
propose a novel way to encode optical packets using DPSK in our investigation of the
generation. We also investigate transmission eftects monitoring using a novel partial-bit
delay interferometer-assisted clock tone monitoring method for sensitive optical-
signal-to-noise ratio (OSNR), chromatic dispersion and polarization mode dispersion

monitoring. Then we look at the demodulation of DPSK, first investigating the



reduced tolerances and power penalties of DPSK demodulation when more than one bit
delay is used in the interferometer. We also propose an optical error correction method
combining DPSK optical logic gates with electronic logic gates to improve receiver
sensitivity and transmission impairment tolerances. Finally we redefine the previously
assumed chromatic dispersion tolerances of Non-Return-to-Zero (NRZ) -DPSK,
Return-to-Zero (RZ)-DPSK and Carrier-Suppressed-Return-to-Zero (CSRZ) -DPSK
with optimized demodulation parameters of optical filtering and free-spectral range

optimization.
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Condensé en Francais

Lors de I'encodage de I'information sur une onde électromagnétique, telle la lumiere
infrarouge pour la transmission dans la fibre optique d’un réseau de télécommunication,
n'importe quelle propriété de la lumiére cohérente peut étre modulée. L'onde a une
fréquence, une intensité, une polarisation et une phase. Jusqu'a tout récemment, les
systémes de communication optique utilisaient strictement la modulation d'intensité
pour encoder 'information soit en format non-retour-a-zéro (NRZ) ou retour-a-zéro
(RZ). Un certain nombre de formats de modulation optique avancés ont regu une
attention croissante au cours des derniéres années. Un exemple est la modulation de
phase différentielle (PSK pour « phase shift keying »), qui transporte l'information sur
la phase optique. Puisque la phase absolue n'est détectable que par démodulation
cohérente, I'encodage diftérentiel dans lequel la phase d’un bit subséquent est utilisée
comme phase relative de référence, est devenu une méthode de choix. Le résultat est
I'encodage en phase diftérentielle (DPSK pour « differential-phase-shift-keying »), qui
repose non pas sur la valeur absolue de la phase mais sur la différence de phase optique

entre bits successifs.

Dans cette thése par articles, composée de six publications, nous étudions la
génération, la transmission et la démodulation du DPSK dans les systémes de
transmission par fibre optique. Nous proposons une nouvelle fagon d’encoder les
paquets optiques en utilisant le DPSK dans notre étude de la génération. Il a été établi

par d’autres auteurs que l'utilisation du DPSK combiné a la modulation d'intensité pour
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encoder le message et I'adresse d'un paquet optique avec un récepteur équilibré pour
détecter le DPSK résulte en une sensibilité record au récepteur autour -36 dBm a la fois
'adresse et le message pour un taux d’erreur de 10. Malheureusement, la plupart des
méthodes d’encode de paquet optique requiérent deux modulateurs optiques; un pour
l'encodage du message et un autre pour l'adresse ce qui réduit considérablement la
possibilité de I'implémentation d’un tel systéme & cause des colits reliés a 'encodage.
Notre méthode d'encodage utilise un seul modulateur pour l'encodage simultané du
message ainsi que de l'adresse et ce avec une bonne sensibilité du récepteur. Nous
présentons deux méthodes diftérentes pour l'encodage en utilisant un seul Mach-
Zehnder modulateur :i) la modulation du point de croisement et ii) [a modulation de du

gain de ['amplificateur électrique.

Dans cette thése, nous étudions également la transmission optique grace a un
nouvel outil de surveillance des effets utilisant la mesure des signaux d’horloge assisté
d'un interférométre Mach-Zehnder ayant un délai partiel. La méthode permet la
surveillance continue et sensible du rapport signal-sur-bruit optique (OSNR pour «
Optical Signal to Noise Ratio »), de la dispersion chromatique et de la dispersion des
modes de polarisation. Les méthodes d’évaluation de performance d'un lien de
transmission optique seront fort probablement une nécessité pour les futurs réseaux de
télécommunication. A ce titre, il y a eu plusieurs méthodes rapportées dans la
littérature pour réaliser une évaluation efficace des différents effets. Une fagon simple et
rentable pour le suivi du rendement est de mesurer la puissance RF dans le ton horloge

en utilisant un filtre & bande étroite électrique et un wattmeétre. Cette méthode peut
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étre utilisée pour suivre l'accumulation soit de CD ou de PMD. Malheureusement, il ne
permet pas facilement l'isolation des deux effets et leur évaluation simultanée étant
donné que les deux influencent la puissance du signal d’horloge. L'intensité de 'horloge
est de plus dépendante de 'OSNR de sorte qu'il est difficile d'évaluer lequel des trois
effets est responsable de la variation de la puissance d'horloge. Notre méthode permet

cette évaluation indépendante et simultanée et ce pour plusieurs formats de modulation

tel que le NRZ-OOK, le NRZ-DPSK et le Duobinaire optique.

Nous avons également évalué pour la premiere fois la réduction des tolérances ainsi
que la pénalité de démodulation lorsqu'un délai de plus qu'un bit est utilisé dans la
démodulation d’un signal DPSK. En dépit de l'intérét grandissant pour le concept de la
démodulation a délai multiple, trés peu d’attention a été portée sur la pénalité encourue
dans le systéme lorsque qu’un signal DPSK est démodulé dans un intertérométre ayant
un délai plus grand qu'un bit. Nous présentons des résultats expérimentaux ainsi que
d'analyse numérique et analytique sur la pénalité relié au désalignement de la fréquence
entre la porteuse et le démodulateur, la largeur spectrale du laser de transmission ainsi
que le décalage entre la longueur de bit transmis et le délai de l'interférométre et
démontrons que ces limitations peuvent réduire l'efficacité des méthodes multi-délais

dans certaines applications.

Nous proposons également une méthode optique de correction d’erreurs combinant
les fonctions de logique binaire d'un démodulateur DPSK avec les fonctions de logique
binaire électroniques dans le but d’améliorer la sensibilité et la tolérance aux effets de

transmission.
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En dépit de ses performances supérieures a la modulation d’intensité, le DPSK a des
exigences en OSNR 1.2 dB plus élevées que son homologue cohérent, le PSK pour un
taux d’erreur de 10-3. Des stratégies de traitement multi-symboles ont été proposées
pour réduire cette pénalité par la détection douce, incluant les techniques basées sur
I'asservissement de la décision qui peuvent fournir 1-3 dB d’amélioration sur la
sensibilité du DPSK. Cependant I'électronique analogue haute vitesse requise peut étre
difficilement implémentée avec les technologies actuelles. Notre méthode de détection
utilise la décision dure plutét que la détection douce, c'est-a-dire qu'une décision est
prise sur chaque bit et qu'un signal numérique logique est produit. Nous appliquons
ensuite du traitement logique numérique a la sortie de plusieurs interférometres ayant
un délai de démodulation différent pour réaliser des gains de traitement comparables.
Nous avons démontré expérimentalement et numériquement notre méthode de
correction d’erreur optique multi-chemins. La technique peut étre facilement mise en
ceuvre en utilisant des interférométres et des opérateurs logiques grande vitesse
commercialement disponibles. Aprés la démodulation optique et la détection dure, les
opérations logiques de base sont appliquées sur chaque chemin pour récupérer le signal
et ensuite les erreurs peuvent étre corrigées au moyen d'un simple vote majoritaire

comparant les différents chemins [837].

Finalement, dans cette thése nous avons redéfini la tolérance a la dispersion
chromatique du Non-retour-zéro-DPSK et du Retour-a-zéro-DPSK lorsque les
paramétres de démodulation tel que le filtrage optique et I'interfrange du démodulateur

sont optimisés. Plusieurs publications ont démontré la performance des récepteurs
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DPSK par rapport a certaines dégradations tel que le décalage du retard, décalage
entre la fréquence de la porteuse et la fréquence de transmission de I'interférométre, la
dispersion chromatique (CD), la dispersion des modes de polarisation, les non linéarités
dans la fibre de transmission. Ces dégradations affectent la phase du signal DPSK et
réduisent la sensibilité de réception et la distance de transmission. Il a récemment été
montré que l'augmentation de I'interfrange peut augmenter les tolérances au filtrage
optique et la dispersion chromatique, mais la valeur des paramétres optimaux pour une
valeur de filtrage ou une dispersion donnée n’avait jusqu'a maintenant jamais été
établie. Qui plus est, I'effet combiné du filtrage et de la dispersion chromatique CD

n’avait jamais été démontré

Grice a nos simulations, nous avons déterminé que le filtrage optique optimal en
détection dos a dos est denviron 1.25xR pour NRZ-DPSK (R étant le débit de
transmission), 1.75XxR pour RZ-DPSK et 1.8xR pour CSRZ-DPSK. L'interfrange
optimale varie selon la largeur spectrale du filtre mais est également trés dépendante
de la dispersion chromatique. Les résultats indiquent qu’autant un filtrage serré qu'une
interfrange élevée augmente la tolérance a la dispersion, mais c’est la combinaison des

deux qui conduit a des performances optimales CD.

Le resserrement de filtrage optique et l'augmentation de RSE peuvent étre
considérés comme mettant davantage l'accent sur le port constructif qui est en fait le
format de modulation Duobinaire, au détriment du port destructif qui le format de
modulation d’alternation de la marque d’inversée. Le Duobinaire est bien connu pour sa

tolérance de dispersion chromatique, ce qui expliquerait l'augmentation des



Xvi

performances.
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Introduction

Communication systems have developed at an incredible rate in the last 20 years.
From links operating at kilobits per second to megabits, new systems have
demonstrated the capacity to transmit information at gigabits and even terabits per
second. Fibre-optic communication systems transmit information from one location to
another by sending modulated light through an optical fibre cable. First developed in
the 1970s, fibre-optic communication systems have revolutionized the
telecommunications industry and played a major role in the advent of the information
age. Because of its advantages over electrical and wireless transmission with respect to
signal loss and interference, bandwidth and transmission distance, the use of optical
fibre has replaced copper wire communications for undersea, long-haul and short haul
communication. It is now even largely replacing copper wires for metro and office to
office communication. The latest deployments even bring the optical fibre directly to

subscribers’” houses for high bandwidth applications.

When encoding information on an electromagnetic wave such as infrared light, any
of the physical properties can be modulated. Light has a frequency, intensity,
polarization and phase as illustrated in Figure 1. Until recently, optical communication
systems strictly employed conventional intensity modulation (IM) signals in either non
return-to-zero (NRZ) or return-to-zero (RZ) format. But a number of advanced optical

modulation formats have attracted increasing attention in the last few years[1-37.
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Some of these formats carry information through intensity modulation while
additionally modulating the optical phase which has been shown to increase
transmission robustness to chromatic dispersion, optical filtering and nonlinearities.
Examples such as duobinary, alternate mark inversion (AMI), chirped return-to-zero
(CRZ), and alternating-phase (AP) IM such as carrier-suppressed return-to-zero
(CSRZ) are some of these formats. In contrast, phase-shift-keyed (PSK) formats carry
the information in the optical phase itself. Since absolute phase is not easily detected
through coherent demodulation [47, differential encoding is often used such that the
phase of the preceding bit is used as a relative phase reference for demodulation. This is
detined as differential-phase-shift-keyed (DPSK), a format carrying the information on
the change in optical phase between successive bits as illustrated in Figure 2. DPSK is
easily demodulated in a Mach Zehnder interferometer[ 5, 67 which allows for balanced
detection of the signal using the difference in photocurrent between the detected
constructive and destructive arm of the interferometer. Balanced detection lowers by
3dB the required optical signal-to-noise ratio (OSNR) for a given bit-error ratio (BER).
DPSK has also been shown to be more robust to certain nonlinear effects [77] and
coherent crosstalk [87. Over the last few years, innovations such as forward-error
correction (FEC), distributed Raman amplification, new transmission fibres including
dispersion-managed (DM) fibres, and advanced optical modulation formats, have
allowed wavelength-division-multiplexed (WDM) transmission systems to reach
record capacities and distances. Many capacity and distance records at rates of 10 and

40 Gb/s per channel in the last few years used DPSK transmission [9-197.
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FIGURE 1. PROPERTIES OF ELECTROMAGNETIC WAVES THAT CAN MODULATED TO
ENCODE BINARY INFORMATION ON A CW LIGHTWAVE TO BE TRANSMITTED IN AN
OPTICAL TELECOMMUNICATION NETWORK. MOST NETWORK CURRENTLY USE
INTENSITY MODULATION. DPSK USES THE PHASE MODULATION TO ENCODE DATA.
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FIGURE 2. DIFFERENCE BETWEEN THE ABSOLUTE PHASE OF A LIGHTWAVE AND THE
DIFFERENCE IN PHASE BETWEEN SUCCESSIVE BITS.

Interestingly enough optical DPSK-based telecommunication systems are not new.
The format was studied in the 1980s for coherent fibre-optic systems and free-space
optical transmission [4, 20-237]. But with the development of erbium-doped fibre
amplifiers (EDFAs) interest in DPSK faded. For about a decade, intensity modulated
WDM systems using EDFAs dominated long-haul optical communications. As WDM
systems were pushed to ever-higher levels of performance, interest in DPSK re-

s

emerged.
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The goal of this thesis is to investigate the DPSK modulation format in fibre optic
communications systems. The objective is to further the understanding on this
modulation format and its application to fibre optics transmission to enable novel ways

to utilize DPSK in optical telecommunication networks.

This thesis by articles is composed of six papers looking at generation, transmission
and demodulation of DPSK. We propose a novel way to encode optical packets using
DPSK in our investigation of the generation. We then investigate transmission effects
monitoring using a novel partial-bit delay interferometer-assisted clock tone
monitoring method for sensitive optical-signal-to-noise ratio (OSNR), chromatic
dispersion (CD) and polarization mode dispersion (PMD) monitoring. Then we look at
the demodulation of DPSK and investigate the reduced tolerances and power penalties
of DPSK demodulation when more than one bit delay is used in the interferometer. We
also propose an optical error correction method combining DPSK optical logic gates
with electronic logic gates to improve receiver sensitivity and chromatic dispersion
tolerances. Finally, we investigate the important effect of the optimization of the free-
spectral range of the delay-line interferometer to improve chromatic dispersion

tolerances.
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Chapter 1

Literature Review

In differential phase shift keying, the information is not encoded directly on the
phase of the lightwave but rather on the difference in phase between successive bits. As
such DPSK is easily demodulated in a Mach-Zehnder interferometer using a one-bit
delay in one arm. The demodulation allows for balanced detection since the
constructive port and destructive port have complementary intensity modulated
signals and balanced detection improves the receiver sensitivity or optical signal-to-
noise ratio (OSNR) tolerances for a given bit-error ratio (BER) by 8dB. DPSK has also
been shown to be more robust to certain nonlinear effects in [7] and coherent
crosstalk [87. There are different flavours of DPSK depending if pulse carving is used
or not and on the duty cycle of the pulse carving. Constant intensity DPSK is referred

to as non-return-to-zero (NRZ-) DPSK as shown in Figure 3.



FIGURE 3. SCHEMATIC OF CONSTANT INTENSITY DPSK KNOWN AS NON-RETURN-TO-
ZERO (NRZ-) DPSK.

Other tlavours of binary DPSK use pulse carving of each bit to effectively increase
tolerances to certain transmission effects such as polarization mode dispersion. Pulse-
carved DPSK are known as return-to-zero (RZ-)DPSK and are defined by the duty
cycle of the pulse carving. Typical pulse carving are 33% RZ-DPSK and 50% RZ-
DPSK as illustrated in Figure 4. A third flavour is 67% RZ-DPSK also known as
carrier-suppressed RZ- (CSRZ-) DPSK shown in Figure 5. All the different flavours of
DPSK are demodulated in the same fashion in a delay-line interferometer. In the six
papers of this thesis, we investigate the generation, transmission and demodulation of
ditferent flavours of DPSK. We present in this chapter the literature review for the
different topics. In our investigation of DPSK generation we discuss in section 1.1 the
literature on optical packet encoding related to our method of using orthogonal and

simultaneous modulation of DPSK and intensity modulation for payload and label
encoding respectively in a single modulator. We investigate real-time monitoring of

transmission effects in an optical transmission link with an overview of the literature in

section 1.2 related to our partial-bit delay interferometer-assisted clock tone



monitoring method for optical-signal-to-noise ratio (OSNR), chromatic dispersion and
polarization mode dispersion monitoring. We discuss in section 1.3 the literature on
the demodulation of DPSK starting with multibit delay demodulation. The literature on
the novel field of optical error correction methods combining DPSK optical logic gates
is discussed in section 1.4. Finally free-spectral range and optical filtering optimization
method to increase chromatic dispersion and optical filtering tolerances are discussed

In section 1.5.

FIGURE 4. SCHEMATIC OF PULSE-CARVED DPSK KNOWN AS RETURN-TO-ZERO (RZ-)

DPSK. TYPICAL PULSE CARVING DUTY CYCLES OF 33% (TOP) AND 50% (BOTTOM) ARE
ILLUSTRATED. RZ-DPSK 1S DEMODULATED IN THE SAME MANNER AS NRZ-DPSK.
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FIGURE 5. SCHEMATIC OF PULSE-CARVED DPSK KNOWN AS RETURN-TO-ZERO (RZ-)

WITH 67% DUTY CYCLES KNOWN AS CARRIER-SUPPRESSED RZ- (CSRZ-) DPSK 1s
DEMODULATED IN THE SAME MANNER AS NRZ-DPSK.

1.1 OPTICAL LABEL ENCODING:

While the scalability of optical networks will become critical to meet the ever
increasing demand for bandwidth for telecom applications, existing electronic
technologies have bandwidth limitations with respect to processing and routing.
Currently, an opto-electronic layer transmits optical data between nodes on the
network by optical-electronic-optical (OEO) conversion, i.e. converting optical signals
to electrical signals for processing and back again to optical for transmission. Although
this has enabled great increases in the data carrying capacity of networks, the
scalability of electronic processing and routing technology is lagging behind optics.
Ultimately the amount of packet traftic that can be efficiently switched in networks will
be restrained. Therefore, in order for networks of the future to take full advantage of
the capacity offered by optical networking, the conversion of optical to electrical

signals for packet routing must be minimized.

Optical packet switching (OPS) is regarded as next-generation transport



technologies that enable more efficient and flexible utilization of the capacity of optical
networks [247. One optically labeled packet transmission based on orthogonal
intensity modulation/ differential phase shift keying (IM/DPSK) modulation format,
in which the payload is intensity modulated while the label is carried by DPSK, has
been proposed and demonstrated[25-287. Another scheme utilizes frequency shift
keying for the label, and intensity modulation for the payload [297. Sub-carrier
modulation and polarization shift keying [30-347 have also been demonstrated for
label modulation. More recently, it was established that using DPSK/IM for
payload/label modulation and using a balanced receiver for DPSK detection provides
superior receiver sensitivity of around —36 dBm for both the label and payload at a bit
error ratio (BER) of 10 [35-377. In most optical label encoding schemes, two optical
modulators are required, one for encoding the payload and the other for the label. A
method for encoding both label and payload using a single modulator with good
recelver sensitivity would be quite advantageous in a network. In the first article of this
thesis, we demonstrate two novel payload and label encoding techniques based on a
single Mach-Zehnder modulator (MZM) for DPSK/IM payload/label modulation. The
methods provide superior receiver sensitivity with the advantage of using a single

modulator for simultaneous payload and label encoding.

1.2 OPTICAL PERFORMANCE MONITORING

Optical performance monitoring has the potential to enable highly robust, stable,

and scalable future optical networks. As such, there has been several methods reported
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in the literature to achieve efficient monitoring of either Optical-Signal-to-Noise-Ratio
(OSNR) [88-47], Chromatic Dispersion (CD) [48-627], or Polarization mode
dispersion [63, 64. Effective deterioration monitoring has the following caracteristics:
(a) isolated monitoring of the specific impairment that is degrading the data signal in
order to help with network diagnosis and adaptation; (b) minimized number of optical
elements in order for the monitoring to be simple and cost-effective; and (c) different
degrading effects simultaneously, such as CD, PMD, and OSNR. Despite the extensive
amount of publications on optical performance, there has been little attention given to
a method capable of combining all of the above advantages. Some methods may be
susceptible to CD, PMD and/or OSNR and are limited to one modulation format.
Other methods did present results monitoring two effects simultaneously [65-707 but
a significant step forward would be a monitoring solution that simultaneously and
independently monitors CD, PMD and OSNR using a single device and that for

several modulation formats [717.

One simple and cost-effective approach for performance monitoring is to measure
the RF power in the clock tone using a narrowband electrical filter and a power meter.
This method can be used to track accumulation of either CD or PMD [52, 54, 64, 72,
787). Unfortunately, it does not easily allow for isolated and simultaneous monitoring
given that both effects will influence the clock tone power. Also, the intensity of the
clock tone is OSNR dependent making it difficult to evaluate which of the three

impairments is responsible for the variation in the clock tone power.

In the second article of this thesis, We propose and demonstrate numerically and
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experimentally a Y- bit delay Mach-Zehnder interferometer (MZI)-assisted
simultaneous and independent CD, PMD and OSNR monitoring method for NRZ-
OOK, NRZ-DPSK and Duobinary modulation formats. The OSNR monitoring method
can be extended to other modulation formats such as RZ-DPSK and RZ-OOK. By
combining the V-bit delay MZI methods, simultaneous, independent and sensitive

monitoring of OSNR, CD and PMD can be performed with no degradation to the

transmitted signal. The method is discussed in chapter 2.2.

1.3 MULTIBIT DELAY DPSK DEMODULATION

There has been much recent interest in the concept of modified DLIs with multi-bit-
delay in one arm, demodulating the differential phase between two successive data bits
that are a fixed number, d, of bit time slots apart. DPSK receivers equipped with such a
function are used in different applications, for example, when demodulating data
streams using polarization interleaving where the polarization of successive bits is
orthogonal [74, 757. This method has been shown to mitigate certain nonlinear effects
but it entails using a demodulator with 2 bit delay such that bits with the same
polarization are interfered together. Another example is in the demodulation of optical
time-division-multiplexed (OTDM) data stream, such that each data bit is compared to
a previous bit from the same transmitter [767. This is also important in laboratory
experiments when using a single transmitter, where the OTDM multiplexer does not
provide phase stability. Lastly, multibit demodulation is very useful when using a

DPSK receiver made of several DLIs in parallel each of a different bit delay, with the



DLI outputs all combined using post-processing, to achieve higher receiver sensitivity
(77, 787. Although DPSK demodulation has been extensively investigated, there has
been little discussion on the actual system penalty incurred by multi-bit delay

demodulation, mostly because such applications are quite recent.

In the third paper of this thesis we present experimental results, as well as
numerical and analytic analysis of the penalties associated with multi-bit DPSK
demodulation due to Frequency Offset (FO), laser linewidth and the bit delay offset.
Simulation results along with an simple analytic model indicate that the OSNR penalty
associated with detection through multi-bit delay scales as 0.2-0.35 dB per integer bit
delay at 10Gb/s with a 10 MHz linewidth. As expected we find that the FO tolerance
scales as the inverse of the bit delay. Furthermore the bit delay mismatch penalty
increases for two-bit delay demodulation, but no further degradation occurs for longer
delays. These key limitations may reduce the effectiveness of multi-bit delay methods

in some applications.

1.4 OPTICAL ERROR CORRECTION

DPSK is currently being deployed as a data—m‘odulation format for high-capacity
and undersea optical communication systems mainly due to its 3 dB OSNR advantage
over intensity modulation and its nonlinear tolerance [2, 8, 7, 8, 797. However DPSK
OSNR requirements are still 1.2 dB higher than for its coherent counterpart, PSK for a
BER of 10-%. Multi-symbol processing strategies have been proposed to reduce this

penalty through soft detection, including decision feedback based techniques 77, 78,
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80, 817, providing ~1-3 dB sensitivity improvements for DPSK optical transmission.
However the analog or high-speed digital soft detection feedback electronics remain
challenging to implement. It would be advantageous to attain comparable processing
gains over multiple demodulation paths with hard detection rather than soft detection,
Le. by applying digital logic processing on the balanced outputs of multiple Mach-
Zehnder interferometers. Forward error correction (FEC) is now commonly used in
most types of long-haul transmission systems. With only a 7% overhead, enhanced
FEC (eFEC) can convert a 2x10 error to 1 x10°!% while Super FEC with a 25%
overhead, can correct errors from as low as 6 x10% [827]. When error rates exceed
those values, FEC becomes somewhat inefficient. It would be useful to have an error
correction algorithm that could take a poor error rate and bring it to a FEC-capable

error rate without affecting the effective bandwidth of the transmission.

In the fourth article of this thesis, we propose and demonstrate experimentally and
numerically an optical multi-path error correction technique for differentially encoded
modulation formats. The scheme can be readily implemented using commercially
available interferometers [797 and high-speed logic gates. After optical demodulation
and hard detection, basic logic operations are applied on each path to recover the data
signal. The partially correlated errors induced by ASE noise are then corrected using a
simple majority-vote algorithm [837]. We find through numerical simulations that
back-to-back DPSK receiver sensitivity is improved by 0.35 dB at BER of 10-% with
optimal filtering and 0.45dB in a 25GHz channel. In chromatic dispersion (CD) limited

channels such as in fibre optic transmission, we numerically obtain a 1.6 dB
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improvement and the tolerance to CD is increased by 25% from +1220 ps/nm to
+1520 ps/nm. Experimentally we measured a 1.5 dB sensitivity improvement. The
main advantage of the proposed method is that it does not require any data overhead
and hence its performance improvement is attained without affecting the effective
bandwidth of the transmitted data. This diversity demodulation scheme is compatible
with and complementary to error correction techniques commonly used in optical
transmission systems such as forward-error-correction (FEC). Since the error
correction is obtained through hard detection, it is also compatible with soft electronic
distortion compensation schemes such as feed forward equalization (FFE), decision
feedback equalization (DFE), and maximum likelihood sequence estimation (MLSE)
[84-867 The scheme is differentiated from those presented in references [77, 78, 80,
817 in that it is a hard detection scheme and could therefore be combined with the
other soft detection multipath-methods. Furthermore, we demonstrate in our work an
experimental and numerical demonstration at 10 Gbps whereas references [77, 78, 80,

817 were numerical demonstrations.

1.5 FSR OPTIMIZATION:

In back-to-back configuration, the most efficient DLI for DPSK demodulation has a
complete one-bit delay such that the phases of two adjacent bits are compared during
the entire bit time for maximum eye opening. It has been shown that DLI degradations
such as bit delay mismatch and frequency offset [87-897, transmission impairments

such as chromatic dispersion (CD), polarization-mode-dispersion (PMD), and



nonlinearities [90-927 or the combination of DLI degradations and transmission
impairments [93] can distort the phase of the DPSK signal and reduce receiver
sensitivity. It was recently shown that free-spectral-range (FSR) optimization can
increase optical filtering (OF) and CD tolerance for RZ-and NRZ-DPSK [94-97].

However, the full potential of optimized FSR DPSK systems has yet to be explored.

In the last two articles of this thesis, we first report results of FSR optimization for
RZ-DPSK and then present a comprehensive numerical analysis of the parameter space
of OF bandwidth and FSR for the NRZ-, RZ- and CSRZ-DPSK formats, establishing
that concurrent FSR and OF optimization significantly improves CD tolerances. The
impact of transmitter bandwidth on the optimized demodulation parameters mentioned
in [94-967 is further investigated. Finally, OF and FSR optimization are applied to

design high bitrate DPSK systems with increased DWDM channel density.
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Chapter 2

Synthesis of Work

Radio-frequency DPSK has been around for many years and today is used in many
communications protocols such as WiFi networks [987] and Bluetooth wireless
communication [997. But even optical DPSK networks are not a new concept; the
format was studied in the 1980s for coherent fibre-optic systems and free-space optical
transmission [4, 20-237. However, with the development of erbium-doped fibre
amplifiers (EDFAs) and the advent of wavelength division multiplexing (WDM),
interest in DPSK systems tfaded. For about 20 years, intensity modulated WDM
systems using EDFAs have dominated optical fibre communications. Today, as
systems are pushed to ever-higher levels of performance and required bandwidth, there

is a renewed interest in this efficient and robust modulation format.

The goal of this thesis is to investigate the DPSK modulation format from its
generation, its transmission to its demodulation in fibre optic communications systems.
The objective of the thesis is to further the understanding of this modulation format
and its application to fibre optics transmission. This understanding enables novel ways

to utilize DPSK in optical telecommunication networks in order to enhance the
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performance.

This thesis by article is composed of six papers looking at the generation, transmission
and demodulation of DPSK. We propose a novel method to encode optical packets using
DPSK in our investigation of the generation in section 2.1. We also investigate
transmission effects monitoring using a new partial-bit delay interferometer-assisted
clock tone monitdring method for sensitive optical-signal-to-noise ratio (OSNR),
chromatic dispersion (CD) and polarization mode dispersion (PMD) monitoring in
section 2.2. Then we look at the demodulation of DPSK from multibit demodulation
standpoint in section 2.3. We also propose an optical error correction method
combining DPSK optical logic gates with electronic logic gates to improve receiver
sensitivity and transmission impairments in section 2.4. Finally we redefine the
previously assumed chromatic dispersion tolerances of NRZ-DPSK, RZ-DPSK and
CSRZ-DPSK with optimized demodulation parameters of optical filtering and free-

spectral range optimization in section 2.5.

2.1 OPTICAL LABEL SWITCHING

As discussed in chapter 1.1, it was established that using DPSK and intensity
modulation (IM) for payload/label modulation and using a balanced receiver for DPSK
detection provides superior receiver sensitivity of around —36 dBm for both the label
and payload at a bit error ratio (BER) of 10? [35-377. Unfortunately, most optical label

encoding schemes require two optical modulators, one for encoding the payload and
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the other for the label which can potentially be impractical in cost-conscious OPS
network. Our method for encoding both label and payload uses a single modulator with
good receiver sensitivity. We present two different methods for encoding both label
and payload using a single Mach-Zehnder modulator (MZM) for DPSK/IM

payload/label modulation.

The output optical field of a Mach—Zehnder modulator (MZM) biased at extinction

can be expressed as

(/) gt

(2.1.1) E, (t):Ein 5

where Ein and Eout are the input and output optical fields, respectively, @upper and @lower
are induced phase changes in the upper and lower arms of the MZM by applied

voltages. With balanced driving, we have @upper(t) == @ower(t)= ¢t)and
/4
(21.2)  o(t) =7[VPDp (£)+AV,, ]

where 7}, 1s the amplitude of the data modulation, Dy(¢)= +0.5 is the ac-coupled payload

modulation index, and A% is the bias voltage offset from the extinction point.

A nonreturn-to-zero signal is generated with 7},= Albias =0.5V; and an ideal DPSK
signal is generated with 7},= Pn. and Aliis =0. One advantageous feature of DPSK
generation is that even when the MZM is not fully driven or not perfectly biased, exact
phase encoding can still be achieved over the center portion of each bit period. This

feature is exploited to modulate the amplitude of a high-speed DPSK payload signal for
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label encoding (1007 as illustrated in Figure 6. In the first single MZM label/payload
encoding scheme, the RF port of the MZM is used to encode the DPSK payload while

the label is encoded by modulating the bias port between the null point and a small

fraction of /7. The phase modulation can be expressed as

®
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FIGURE 6. PRINCIPLE OF OPERATION FOR LABEL ENCODING THROUGH BIAS
MODULATION (A) AND DRIVE-VOLTAGE MODULATION (B). EMPTY (FILLED) CIRCLES
ILLUSTRATE PAYLOAD MODULATION WHEN LABEL BIT IS A “1” (“0”). DIAMONDS MARK
THE BIAS POSITION.

(2.1.5) (o(t)z—;}r—[Vpr( £)+ VD, (£)+ AV, |

where 71 is the amplitude of the label modulation and Dy(¢)= +0.5 is the label data. In
the second method of encoding the label, the drive voltage output of the RF driver is

modulated between /}, and (F},-71) by the label data. Preferably 7,=7%. The phase

modulation can be expressed as
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The implementation of bias and RF voltage modulation is illustrated in Figure 7.
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FIGURE 7. SIMULTANEOUS DPSK-PAYLOAD/OOK-LABEL ENCODING USING A SINGLE
MZM WITH LABEL ENCODING THROUGH (A) BIAS MODULATION AND (B) DRIVE-
VOLTAGE MODULATION.

2.2 OPTICAL PERFORMANCE MONITORING

Optical performance monitoring may be necessary for future scalable optical
networks. As such, there have been several methods reported in the literature to
achieve efficient monitoring of either Optical-Signal-to-Noise-Ratio (OSNR),
Chromatic Dispersion (CD) or Polarization Mode Dispersion (PMD). One simple and
cost-effective approach for performance monitoring is to measure the RF power in the
clock tone using a narrowband electrical filter and a power meter. This method can be
used to track accumulation of either CD or PMD. Unfortunately, it does not easily
allow for isolated and simultaneous monitoring given that both effects will influence

N the clock tone power. Also, the intensity of the clock tone is OSNR dependent making
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it difficult to evaluate which of the three impairments is responsible for the variation in
the clock tone power. Our method uses a Y- bit delay Mach-Zehnder interferometer
(MZI) to simultaneously and independently monitor CD, PMD with differential RF
clock tone detection, and OSNR with DC power detection for the NRZ-OOK, NRZ-
DPSK and Optical Duobinary modulation formats. The OSNR monitoring method can
also be used with other pulse-carved modulation formats such as RZ-DPSK and RZ-

OOK.

We use a DLI from ITF Laboratories [79, 1017 but with a Y -bit-time delay in one
arm without any modifications to the transmitter. The transmission peak of the
interferometer is biased at maximum/minimum power in the
constructive/deconstructive arm, and both DLI outputs are utilized in the monitoring
process. As illustrated in Figure 8, the response in the constructive port is essentially
transparent to the signal due to the high free-spectral range (FFSR) (4x the data rate).
The destructive output of the DLI is a return-to-zero (RZ) signal with a strong RF
clock tone present. Inside the DLI, the signal interferes with itself for a % of the bit
period and interferes with the phase of the following bit for the other % of the bit
period, resulting in RZ pulses. The %-bit-time value was chosen as a reasonable
tradeoff between constructive port penalty for data detection and destructive port
pulse-carving for monitoring. The 10-G clock tones on the two outputs of the J-bit-
delay DLI are dependent on dispersion and PMD as conceptualized in Figure 9. The
increase in clock tone power with increasing CD at the constructive port is well known

for NRZ [527. At the destructive port, CD spreads the input pulses in time, thereby
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lowering the peak power in the output RZ pulses and therefore the clock tone power.
The dephasing effect of PMD on the clock tone reduces its intensity [1027]. Utilization
of this feature allows isolation and simultaneous measurement of CD and PMD. The

monitoring can be loosely conceptualized by the two functions

Puise Carving Spectral Domain
Time Domain
1/4 bit
_lime delay
Input NRZ signal e
Destructive Port

Consfructive Port

FIGURE 8. PARTIAL-BIT DLI FOR NRZ SIGNALS. A SMALL FRACTION OF THE BIT
INTERFERES WITH THE FOLLOWING BIT FOR PULSE CARVING IN THE DESTRUCTIVE
PORT, RESULTING IN A STRONG CLOCK TONE. THERE IS LITTLE DEGRADATION AT THE
CONSTRUCTIVE PORT DUE TO THE HIGH FSR.

RF Spectra
Back-to-back | |Low clock S +High clock
tone one
]
Chromatic S -HIncreasing . ’_Decreasing
Dispersion clock tone fock tone
1
PMD PN Decreasing . N DIiC;(etasing
clock tone CK tone
Constructive Port Destructive Port

FIGURE 9. CONCEPTUAL DIAGRAM OF HOWTHE CLOCK TONE BEHAVES AFTER THE
CONSTRUCTIVE AND DESTRUCTIVE ARM OF THE PARTIAL BIT DLI UNDER CD AND
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PMD. THE ASYMMETRY IN THE BEHAVIORS ALLOWS THE ISOLATION OF THE TWO
EFFECTS.

(22.1)  f(CD)=P

const

(tcpd PMD)- P, (¥ CD,{ PMD)

(2.2.2) f(PMD)=P, (T CD PMD)+R,, (¥ CDL PMD)

where Peonst Is the clock tone power at the constructive arm which grows with CD and
decreases with PMD. Py is the clock tone power at the destructive arm which
decreases with both CD and PMD. The inverse relationship allows for removal of the
PMD in the subtraction and CD in the addition, thereby isolating both effects. This
also has the added property of increasing the sensitivity of the CD measurement.
Unfortunately this method is not appropriate for RZ-type formats since they already
have strong clock tone power and do not benefit from the partial bit delay clock-tone

generating DLIL

Unfortunately the CD and PMD monitoring is OSNR dependent. OSNR
degradation reduces clock tone power similar to the effect of PMD on clock tone
power. Hence the effect of PMD and ONSR cannot be differentiated in clock tone
monitoring which could greatly reduce the usefulness if we did not have an

independent OSNR monitoring method which would differentiate the contributions of

PMD and OSNR on clock fading.

Monitoring methods using a delayline interferometer with a different delay have
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been proposed for OSNR monitoring (407 and CD monitoring [1037]. Using a % bit
delay interferometer to monitoring OSNR has 2 main advantages: 1) it can be
integrated with the CD and PMD monitoring in the electrical domain without
requiring any extra optical devices, 1) it does not deteriorate the signal which passes

through the interferometer unaffected.

In our %-bit delay OSNR method, one output port gives constructive (Puw) while
the other port provides destructive interference (Pu.). With increasing amplified
spontaneous emission (ASE) noise power (i.e, decreasing OSNR) Puest Increases '
relative to Peonst because of the random phase of the noise. The ratio of Peonst/ Piest can
be roughly approximated as: Ratio= (% Piignat + %2 ASE) / (%4 Pyignal + % ASE) and the
OSNR is proportional to this ratio of Peonst/ Peest. Since the phase relationship between
successive bits is not important for monitoring, the method is applicable to multiple
modulation formats. This principle can also be explained in the spectral domain as
illustrated in Figure 10. Since a Y-bit delay MZI has a free spectral range (FSR) equal
to 4 times the bit rate, most of the signal power goes to the constructive port. The
noise then evenly distributes between the two ports. One advantage of our method is
that the signal is not degraded at the constructive port as was demonstrated in [67].
The data signal can be normally detected in the constructive port and Peonst can be
calculated from the signal RF power. A low-cost photodiode can be used to measure

Py in the destructive port.
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Destructive Port Constructive Port

FIGURE 10. CONCEPT OF %-BIT DELAY IN THE SPECTRAL DOMAIN. MOST OF THE SIGNAL
IS NOTCHED OUT IN THE DESTRUCTIVE PORT. THE POWER RATIO BETWEEN THE TWO
ARMS IS DIRECTLY RELATED TO THE OSNR.

The interferometer-assisted clock tone monitoring OSNR sensitivity can be
eliminated in post-processing through multiplication with a fit factor corresponding to
the measured OSNR value using the power ratio of Peonst and Piest. Therefore, OSNR,
CD and PMD can be inferred simultaneously and independently. More details on the

method are provided in chapter 3.2.

2.3 MULTIBIT DELAY DPSK DEMODULATION

Despite much interest in the concept of multi-bit-delay DPSK demodulation, there
has been little discussion on the actual system penalty incurred by multi-bit delay
demodulation. We present experimental results as well as numerical and analytic
analysis of the penalties associated with multi-bit DPSK demodulation due to

Frequency Offset (FO) between the transmitted laser and the DLI transmission peak,
transmission laser linewidth (LW) and the offset between the transmitted bit length

and the DLI bit delay and show that key limitations may reduce the effectiveness of
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multi-bit delay methods in some applications.

The concept of multibit-delay is associated in spectral domain to a reduction in FSR
of the demodulator as illustrated in Figure 11. Over a realistic fibre optic link it has
been shown that the total linear and non-linear phase-noise has a nearly Gaussian
distribution[ 1047]. Extending the Gaussian approximation to laser-induced phase-
noise 1057, a simple analytic model is derived for multi-level DPSK detection, with Q-

tactor calculated from total demodulated Gaussian noise given by

1 bit delay 2 bit delay

FIGURE 11. SPECTRAL RESPONSE (DASH CURVE) OF A 1-BIT (LEFT) AND 2-BIT (RIGHT)
DELAY DELAY-LINE INTERFEROMETER OVERLAYED ON A DPSK SPECTRUM. THE
NARROWER SPECTRUM INCREASES FREQUENCY OFFSET AND LASER LINEWIDTH
SENSITIVITY.

Q2 = (ﬂ'/ M - 7)2 /(O-ZN-Q-NL + O-ZI’N)

(2.4.1)

y = 2mA\v.Td

where is the phase-offset between the two DLI arms, with 2% the

2
frequency offset away from the optimal optical carrier, TIN+NL ig the variance of the

linear and non-linear phase-noise, and the laser phase-noise (LPN) variance is given in
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the first perturbation order by the expression

(2.4.2) o1y = 2mAV,, T(d~1/3)

AViy the FWHM laser LW, T the bitrate, and d the integer number of bit

with
delays. The OSNR penalty in dB units is readily extracted from (2.4.1) and (2.4.2) with
its functional dependence due to the combined effect of LW, FO and multi-bit bit

delays

~10log,,[1-2MAv,Td]+ 1010g1{1+ 27rAvLWT(d—%)}

2
o LN+NL

(2.4.3)

Analytical results were obtained using a value of ivew such that for zero LW and
FO penalties, the linear phase noise induces a BER of 10" while the non-linear phase

noise power Is zero.

For our experimental results, we constructed the stable delay interferometer with
tunable delay providing an FSR ranging from 3.2 GHz to 11 GHz illustrated in Figure
12. Two 3dB fibre couplers were spliced together; one branch wound onto a fixed
wheel and the other branch wound on two half wheels with tunable separation,
stretching the fibre to provide the variable time delay. We used 10 m of fibres for 10
cm of stretching to ensure maintain the intergrity of the stretched fiber. The extinction
ratio exceeded 15 dB and BER was measured for a 10 Gb/s NRZ-DPSK signal for
several values of OSNR and FSR using the setup of Figure 13. A polarization

controller was used to ajust the signal to the best polarization.
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Fixed wheel Polarization
Controller

Fiber coupler Fiber coupler

J

FIGURE 12. THE VARIABLE DELAY INTERFEROMETER USED FOR THE EXPERIMENTAL
DEMONSTRATION.

Variable Delay

Tunable
Laser

DATA

FIGURE 13. EXPERIMENTAL SETUP TO OBTAIN RECEIVER SENSITIVITY AND OSNR
PENALTY MEASUREMENTS. DIFFERENT BIT DELAYS ARE OBTAINED THROUGH THE
VARIABLE DELAY INTERFEROMETER WHILE FREQUENCY OFIFSET PENALTY IS OBTAINED
BY TUNING THE TUNABLE LASER FREQUENCY.

Simulations were performed for a 10 Gb/s RZ-DPSK signal on a 10 MHz LW laser
using 12.5 GHz 3 order Gaussian optical filtering and 8 GHz Lorentzian electrical
filtering at the receiver. A Karhunen-Loeve expansion for non-Gaussian noise statistics
was used with 512 bits simulated at 64 samples per bit. Complete BER versus OSNR
curves were simulated and the OSNR penalty at BER=10"* was inferred from those

curves through a linear fit of the log (log(BER)) curve.
o
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2.4 OPTICAL ERROR CORRECTION

DPSK OSNR requirements are still 1.2 dB higher than for its coherent counterpart,
PSK for a BER of 10-%. Multi-symbol processing strategies have been proposed to
reduce this penalty through soft detection, including decision feedback based
techniques [77, 78, 80, 817, providing ~1-3 dB sensitivity improvements for DPSK
optical transmission, however the analog or high-speed digital soft detection feedback
electronics remain challenging to implement. Our method uses hard detection rather
than soft detection, i.e. a decision is made on each bit to obtain a digital logic signal and
then applying digital logic processing on the balanced outputs of multiple Mach-
Zchnder Delay Interferometers (DLI) to attain comparable processing gains. We
demonstrate experimentally and numerically our optical multi-path error correction
technique for differentially encoded modulation formats. The scheme can be readily
implemented using commercially available DLIs (797 and high-speed logic gates.
After optical demodulation and hard detection, basic logic operations are applied on
each path to recover the data signal and errors are corrected using a simple majority-

vote comparison of the paths[837].

2.4.1 Theory

The optical error correction scheme takes advantage of the combination of the
optical logical XOR function of the DLI and electronic binary logic gates. A simple

logic representation of the system is illustrated in Figure 14. A modified 4-bit form of



5

30

Differential Precoding (DP) is performed at the transmitter prior to optical
modulation. The received signal is corrupted by amplified spontaneous emission (ASE)
noise accumulated along the transmission fibre from amplifiers. Optical demodulation
is performed using multiple demodulation paths each consisting of a DLI with a
different integer bit-delay. The bits are then detected. The output of the 4-bit delay
DLI recovers the proper transmitted bits, since a 4-bit differential precoder is used at
the transmitter. Electronic logic blocks consisting of XOR gates and delays follow the
outputs of the 2-bit and 1-bit delay DLIs, re-aligning the three paths together. Finally
error-correction is performed through a simple majority vote algorithm. The digital

D, &,

processing can be described by the following equations where respectively

denote the XOR (addition-modulo-2), AND, OR logic functions:

Pre- Optical Optical Logic
coder Channel  (DLIs)
i o — o

Maijority Vote
Error Correction

”~ —

Electronic Logic

Error
Corrected

FIGURE 14. CONCEPTUAL DIAGRAM OF MULTIPATH DEMODULATION WITH MAJORITY

VOTE ERROR CORRECTION. THE DPSK PRECODER USES A 4-BIT DELAY. THE OPTICAL

LOGIC IS PERFORMED BY THE PASSIVE DLI DPSK DEMODULATOR. THE ELECTRONIC
LOGIC RECOVERS THE ORIGINAL SIGNAL BEFORE MAJORITY VOTE IS APPLIED.
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(24.1) G =H O

represents the differential encoder using a four bit delay where b is the information
message bit in time bin £, and « is the differentially encoded message transmitted in the

channel. Next,

M _ m

d’' =c ®c, B¢
@ _ 2

d’' =c,®c,,Dg,

(4) 4)
(2'4‘.2) dk =Ck®ck_4®€k

represent the optical differential demodulations for the 1-bit, 2-bit and 4-bit delay
DLIs, where d is the data after optical demodulation of ¢, and & is the noise in the
transmitted time bins. Then,

b0 - dP odl, 0 a0,

£ _ 4 (2)
b/c _—dk (—Bdk—z

L4 (4
(2.4.3) b =4,

represent the electronic XOR gates necessary to realign all 4 paths to the initial signal

where

b

=5V & hD  h® & 5D | 52 g 5O
(2.4.4) =% &b | b" &b | b & b

represents the majority vote error correction algorithm using the bit stream from all

Py three DLIs.
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Referring to the bit intervals 7T=1/R (with R the bitrate) the DP performs a

modulo-2 addition of the current transmitter output bit with the input data bit 4T

seconds earlier, ie. it implements an accumulator with 4-bit delay, whereas

conventional DPSK uses a DP with 1-bit delay.

First, assuming that there are no errors, i.e &= &® = &t = 0. Applying the

identity a®a=0 it follows that the output of the 4-bit delay DLI (yielding the

[ (4

L(2) L)
estimate “* ) correctly recovers the transmitted stream, and so do by b,

and “* :

bA;£4) = d,EM =¢,®c,,=b®c, D¢, =h
l;;im = d;(f) ® dﬁ)z = (ck ® Cea ) ® (ck~2 ® c"“‘)
= Ck &) Ck“2 ® Ck_2 @® Ck_4 = Ck @ Ck_4 = dA("” = bk
P d) od?, 04, 0.
(2.4.5) =6 98¢, ,9¢,,®¢,,D¢,,¢, ,0¢, D¢, =¢, D¢, =),

. R WM
Extending the model to include the additively injected error indicators % ** 1244t

the DLI outputs yields after some manipulation

(2.4.6) bY =b, @ ic{l,2,4}

b

(1) . . - .
where 7k are effective binary noise streams at the majority-vote input, given by

M — ) m ) Q) _ @ @)
(2.4.7) M =& D @, De, no=¢g"@&°,

b

4) . (4
" =&

b

O]
Notice that the underlying noise bits of the form € are not statistically
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m (2 4
/P

independent, hence nor are the eftective noise bits 17 independent.

It is apparent that (2.4.6) defines an effective binary channel wherein b repetition-
coded with 3-fold diversity, i.e. the same bit is transmitted over three scalar binary
channels corrupted by the partially correlated effective noises. The proposed decoding
scheme applies a simple majority-vote strategy reducing the probability of errors,
relative to a single use of either one of the three paths, and also provides improvement
relative to conventional DPSK. When errors are uncorrelated in each demodulation
path, the correction rate of majority vote is determined by the individual Error Rates

(ER):

(2.4.8) [ER® - ER® (1 - ER® )|+ [ER® -(1- ER®). ER® |+ |1 - ERV)- ER® . ER® |

This is the upper limit of majority vote error detection. Since there is only partial
correlation between the effective noise bits, there is a low probability that two or three
of the paths assume the same value simultaneously. The majority vote correction
method is analogous to what has been proposed in the RF domain at MHz speed [17].
Combining soft FEC or soft detection techniques with this method could be done

immediately after the interferometers before a hard decision is made to obtain

M g2y @
dk ’dk ’dk .
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2.4.2 Simulations & Experiment

Monte Carlo simulations were performed using a 2'5-1 pseudo random bit sequence
(PRBS) at 10 Gb/s with 12.5 GHz optical filter and 8 GHz electrical filtering at the
receiver. Using these parameters we find an improvement in receiver sensitivity of
0.35dB at BER of 10-%. Our simulation of BER versus OSNR curve for standard back-
to-back DPSK agrees with previously published results yielding confidence in our
numerical results. We also provide the theoretical limit of majority vote error
correction (ideal majority vote) assuming the errors were completely uncorrelated,
confirming that in multi-path demodulation, errors are partially correlated. The
theoretical limit when the demodulation paths are completely independent allows a
1.2x107? error rate to become 2 x10 suitable for eFEC or it allows a 2.1x102 error
rate to reach 6x10- suitable for Super FEC. In a back-to-back transmission, errors are
somewhat correlated in each demodulation path such that the gain reduces correcting a
2.6x10% BER to a 2x10% BER and 6.92x10* BER to a 6x10% BER. Transmission
impairments (Le. CD, PMD, non-linear phase noise, cross-phase-modulation), and
receiver degradations (i.e. non-ideal filtering, DLI's frequency offset) result in
decorrelated errors between demodulation paths. Error propagation does occur due to
the 4-bit precoding doubling the errors of the 2-bit delay demodulation and
quadrupling the errors in the 1-bit delay. Nonlinear phase is an important degradation
in DPSK transmission systems. The other multipaths schemes [77, 78, 81, 1067 also
exhibited increased performance in the presence of nonlinear degradations, which can

be explained by the decorrelation of errors between the paths. We would expect
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majority vote error correction to perform closer to its theoretical limit in the presence

of non-linear phase degradation.

We performed experimental verification using 2'5-1 PRBS pattern phase-modulated
at 10Gbps and then sent through a variable attenuator and erbium amplifier as
illustrated in Figure 15. The DPSK demodulators from ITF Laboratories had FSR’s of
10GHz, 5GHz and 2.5GHz providing 1,2 and 4 bit delay. A 70 Ghz optical filter was
used and the three photodiodes had bandwidths of approximately 8GHz. The three
paths were detected simultaneously using three receivers and three bit-error-rate
testers. Only the destructive arm of the DLI was detected since we lacked access to
three balanced receivers. The detected bits were then fed into a 20Gsample/s real time
oscilloscope with sufficient memory for offline-processing of 500 000 bits for each path.

Experimental and simulation results are found in the article [807.

Tunable
L.aser

Bd
4 bit DL

7y -
a¥rgt

3 | %-'

—2  Processin

b/s P Sing
FIGURE 15. EXPERIMENTAL SETUP FOR THE DEMONSTRATION OF MULTIPATH DPSK
DEMODULATION MAJORITY VOTE ERROR CORRECTION. USING 8 COMMERCIAL DLIS,
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THREE 10GBPS BIT ERROR RATE TESTER AND A 20GS/S REAL TIME SCOPE. LOGIC
OPERATIONS WERE PROCESSED OFFLINE.

2.5 FREE SPECTRAL RANGE AND OPTICAL FILTERING OPTIMIZATION

There has been several publications demonstrating that DLI degradations such as
bit delay mismatch and frequency offset [87-897, transmission impairments such as
chromatic dispersion (CD), polarization-mode-dispersion (PMD), and nonlinearities
[90-927 as well as the combination of DLI degradations and transmission impairments
7937 can distort the phase of the DPSK signal and reduce receiver sensitivity and
transmission distance. It was recently shown that increased free-spectral-range (FSR)
can better the optical filtering (OF) and CD tolerances of RZ-and NRZ-DPSK [94~
977, but the value of the optimal parameters for any value of OF or CD was not

reported. Moreover, the combined effect of OF and CD had never been discussed.

2.5.1 Theory

The optimization obtained through increasing the FSR of the Delay Interferometer
(DI) can be explained using the equivalent baseband model detailed in [107],
representing the DPSK link as two parallel paths with Transfer Functions (TF) given
in our modified notation by the product H,(f)=Hy(f)Hr(f)Hy(f)H.(f)of the TF
H,(f) of the Transmitter (TX) pulse-carver, the fibre dispersion H.(f), the OF H,(f)

and the TFs describing the DI propagation to the constructive / destructive DI ports:
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(2.5.1)  H,(f)=[exp(-j27f/FSR)x1]/2

The benefit of taking FSR > R, (withR=T;"' the bitrate) is then interpreted as an
equalization measure; by reducing the TX and/or OF bandwidths (BW) CD tolerance
1s improved and ASE noise reduced, however this in itself introduces inter-symbol
interference (ISI), which is subsequently equalized by increasing the FSR of the filters .
The enhanced BW filters then act as equalizers for the other TFs in the chain #, (/).
While the ASE noise reduction due to tighter optical filtering is undone to some extent
by the noise enhancement through the enhanced BW equalizers, an improvement in
CD tolerance is evidently achieved. This intuitive argument does not address the
Electrical Filter (EF), #,(f) following balanced photo-detection. However it is

expected that its impact be secondary when tight OF is used.

The tighter optical filtering and increased FSR can be seen as putting a greater
emphasis on the optical Duobinary (ODB) port versus the alternate mark inversion
port in the DPSK balanced detection as illustrated in Figure 16. ODB is well know for

its chromatic dispersion tolerance.
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FIGURE 16. DPSK SPECTRUM WITH OVERLAYED TRANSFER FUNCTIONS FOR OPTICAL
FILTERING AND DELAY-LINE INTERFEROMETER. FREE-SPECTRAL-RANGE LARGER THAN
THE BITRATE AND TIGHTER OPTICAL FILTERING PUTS A GREATER EMPHASIS ON THE
OPTICAL DUOBINARY (ODB) PORT (CONSTRUCTIVE) RATHER THAN THE ALTERNATE-
MARK-INVERSION PORT (DESTRUCTIVE).

2.5.2 Simulation Parameters

We performed the simulations using normalized parameters such that our results
can be applied to any bitrate. Simulations were performed for a C-band DPSK signals
at bitrate R, modulated with a Mach-Zehnder modulator (MZM) with 20 dB of
extinction ratio. The RZ- and CSRZ-DPSK signals were generated using a second
MZM driven by a R /2 clock with a V7, drive voltage for CSRZ-DPSK and R clock with
V; drive voltage for RZ-DPSK. At the receiver, the signal was filtered through a 2nd
order Gaussian OF and demodulated in a MZ DLI. Balanced detection was followed by
%R 4™-order Bessel electrical filter. The bit error rate (BER) was estimated by means
of a Karhunen-Loeve expansion for non-Gaussian noise statistics, with 1024 simulated

bits at 64 samples per bit in a simulation BW of 25R. The OSNR in 0.1 nm was set
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using OSNR = 10log(R) dB corresponding to 10, 16 and 20 dB of OSNR at 10, 40 and
100 Gb/s respectively. The CD was varied from 0 to 272 in normalized units of 10°
(Gb/s)? ps/nm using CDindex=R2LD [1077] where L is the fibre length and D the CD

in ps/nm/km. The Q parameter was calculated from the BER value as in [957 using :
(25.2)  Q=20log2erfc (2BER)

with erfc! the inverse complementary error function.

Through our simulations, we have determined that the optimal OF for NRZ-, RZ-
and CSRZ-DPSK for a one-bit delay, back-to-back demodulation to be around 1.25R
for NRZ-, 1.75R for RZ- and 1.8 R for CSRZ-DPSK. The optimal FSR varies over the
OF BWs but is also very dependent on CD. The results indicate that either tighter
optical filtering or larger FSR tends to increase CD tolerance but it is their

combination which leads to optimal CD performance.
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Chapter 3

General Discussion

The general goal of this thesis is to investigate different aspect of the DPSK
modulation formats in optical fibre telecommunication transmission. When we began
our work, DPSK was a popular topic at technical conferences but no commercial
systems utilizing the format were available. Although the first commercial systems
were deployed by Tyco Telecommunications now over a year and a half ago, and the
new high bitrate 40Gb/s systems are now being deployed using DPSK, the results
presented in this thesis are still of interest to optimize the performance of such
systems. The next generation of optical communication systems may be using more
advanced modulation formats such as differential quadrature phase shift keying
(DOQPSK), using four phase states instead of two. This format has been receiving a lot
of attention lately by research groups worldwide. For similar reasons DPSK was
getting attention a few years ago: increased receiver sensitivity and greater tolerance
to some transmission effects such as CD and PMD. The results of our work could be
expanded to apply to new modulation formats. For example our optical error

correction scheme can be expanded to higher level differential phase modulated signals.
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Because of the specific method of precoding of DQPSK, we would expect errors to be
less correlated than for DPSK, which would improve the error correction capability of

the algorithm.

In this chapter, we revisit our work in the perspective of the next generation of
modulation formats and try to understand how the lessons learned in this thesis could

be applied and extended. This chapter serves as a starting point for future work.

3.1 OPTICAL PACKETS

Optical packet switching (OPS) though regarded as next-generation transport
technologies are still in the somewhat distant future. All of the optical traffic is
currently point-to-point links with lightpath switching. Packet switch network are
more efficient at utilizing the available bandwidth and are used in many types of
communication systems other than fibre optic systems. OPS and OBS could
revolutionize optical telecommunication networks but as well as technological
challenges, the optical components necessary for such systems are currently too costly
for cost-effective deployment. Optical modulators represent a major cost of optical
transmitters, our solution of using a single modulator for both payload and label
modulation would represent a significant cost advantage. Further work is necessary to
reduce the cost of demodulators, developing fast and efficient optical switches and
control electronic for packet by packet optical routing. Another step in this direction is
our demonstration of a low-cost spectrally-periodic fibre Bragg grating (FBG) for

DPSK demodulation[ 1087]. We demonstrated balanced DPSK demodulation using the
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FBG demodulator exhibiting no penalty compared to a standard MZI. FBG are
potentially cheaper to manufacture on a large scale than all-fibre or free-space devices

which would be quite interesting for low-cost OPS networks.

3.2 PERFORMANCE MONITORING

There have been several methods reported in the literature to achieve efficient
monitoring of either Optical-Signal-to-Noise-Ratio (OSNR), Chromatic Dispersion
(CD) or Polarization mode dispersion (PMD). We demonstrated a Y- bit delay Mach-
Zehnder interferometer (MZI)—assistéd simultaneous and independent CD, PMD and
OSNR monitoring method for NRZ-OOK, NRZ-DPSK and Duobinary modulation
formats. Optical performance monitoring would be equally important for future
DQPSK systems. There have been reports on monitoring method for DQPSK at recent
conferences but there is no reported method to monitor CD, PMD and OSNR
simultaneously and independently. Since DQPSK is also a phase modulated signal, our
method of % bit delay-assisted clock tone and DC power monitoring for CD, PMD and
OSNR monitoring could possibly be extended to this modulation format. Furthermore,
other advanced modulation formats such as coherent detection of phase modulated
format (PSK & QPSK), which is becoming increasingly researched could possibly also

take advantage of the monitoring method.

One drawback of the MZI-assisted method is that performance monitoring ought to
be cost effective. Unfortunately, commercial MZI are possibly too pricy for

performance monitoring to be deployed on a large scale. A promising extension of the
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MZI-assisted method would be to use a spectrally periodic filter instead of a more
expensive interferometer. We demonstrated that such filters have the same properties
as MZI and demonstrated balanced DPSK demodulation using a spectrally~periodic
fibre Bragg grating (FBG) with no penalty compared to a MZI [1087]. FBG are
potentially cheap to manufacture on a large scale. Using such a filter would enable

large scale deployment of the monitoring method.

3.3 MULTIBIT DELAY DQPSK DEMODULATION

The interest in the concept of modified multi-bit-delay DPSK demodulation to
demodulate polarization-interleaved [74, 757, or optically time-division-multiplexed
(OTDM) data stream, [76] or DPSK optical error correction using several DLIs of
various bit delays [77, 787, can also be useful for DQPSK modulation formats. Similar
to DPSK demodulation, there has been little discussion on the system penalty incurred

by multi-bit delay demodulation for DQPSK demodulation.

We demonstrated that multibit delay DPSK demodulation is 2x more sensitive to
frequency offset penalty (1097, and DQPSK was demonstrated to be 6x more sensitive
than DPSK [87, 89, 110]. This would indicate that multibit DOPSK demodulation
would be very sensitive to frequency offset between the transmitting laser and the
demodulator, polarization dependent frequency offset and laser linewidth. This

increased sensitivity may seriously limit multibit applications for DQPSK systems.
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3.4 DOQPSK OPTICAL ERROR CORRECTION

DPSK is currently being deployed as a data-modulation format for high-capacity
and undersea optical communication systems mainly due to its 3 dB OSNR advantage
over intensity modulation and its non-linear tolerance [2, 3, 7, 8, 797]. However DPSK
OSNR requirements are still 1.2 dB higher than for its coherent counterpart, PSK for a
BER of 10%. We demonstrated experimentally and numerically our optical multi-path
error correction technique for differentially encoded modulation formats. The scheme
can be readily implemented using commercially available DLIs [797 and high-speed
logic gates. After optical demodulation and hard detection, basic logic operations are
applied on each path to recover the data signal and errors are corrected using a simple
majority-vote comparison of the paths [ 837. In a back-to-back transmission, errors are
somewhat correlated in each demodulation path such that the coding coding is limited,
correcting a 2.6x10 BER to a 2x10* BER and 6.92x10-% BER to a 6x10* BER. We
demonstrated that transmission impairments such as chromatic dispersion (CD),
polarization mode dispersion (PMD), non-linear phase noise, cross-phase-modulation),
and receiver degradations such as non-ideal filtering, DLI's frequency offset result in

decorrelated errors between demodulation paths.

Multibit delay error correction scheme for DQPSK would first require the
understanding of the tolerances of multibit delay DOPSK demodulation discussed in
3.3. The error correction scheme was demonstrated to be efficient at correction
frequency offset errors which could be important in multibit DQPSK. Moreover,

because of the specific precoding necessary for DQPSK, we would expect error errors
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to be less correlated than in multibit DPSK. It would require more complex electronics
but the lower symbol rate of DQPSK would mean cheaper components. Moreover, the
decorrelation of errors in DQPSK would make the error correction scheme

significantly more effective.

3.5 OPTICAL FILTERING & FREE-SPECTRAL-RANGE OPTIMIZATION

Optical filtering and free-spectral-range optimization has a dramatic effect of the
chromatic dispersion tolerances of DPSK. Other important transmission impairments

may also be affected by the optical filtering and FSR.

One example is polarization mode dispersion (PMD). We demonstrated that FSR
optimization has little effect on first order PMD impairments [947. However, little
attention has been given to the eftfect of OF and FSR on second order PMD (SOPMD)
by research groups. SOPMD can significantly degrade signals, especially in legacy
optical fibres, high bitrate system and long distance transmission. SOPMD is the
defined by two different effects: 1) PMD induced signal depolarization and ii)
polarization dependent chromatic dispersion. It is difficult to have to have an intuition
on the effect on OF and FSR on depolarization but it is easy to assume that tolerances
to polarization dependent chromatic dispersion could be increased through tight

optical filtering and larger FSR.

In all long-haul fibre optic transmission and high bitrate systems with higher peak

power, nonlinear eftects can be very detrimental. Nonlinear effects can be thought as
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intra-channel effects, which are effects that happen on a single WDM wavelength and
inter-channel effects which are effects emanating from the interactions within
neighboring channels. Alternatively nonlinear effects can be categorized as signal-
signal interactions or signal-noise interactions. The impact of nonlinearities on different
modulation formats depends strongly on the characteristics of the optical network [37]
since so many elements such as chromatic dispersion map, noise level, channel
separation all interplay. It is not easy to predict the effect FSR optimization and tight
optical filtering on self-phase modulation, an intra-channel signal-signal effect.
Another important effect, nonlinear phase noise, which is a signal-noise eftect which
can be either intra-channel (SPM induced) or inter-channel (cross-phase modulation, or
XPM, induced). Once again, since chromatic dispersion, noise accumulation and
nonlinear effects strongly interplay, it would be quite interesting to understand and
demonstrate the effect of OF and FSR optimization and could be the subject of future

work.

Finally, DQPSK is 4x less sensitive to chromatic dispersion than un-optimized
DPSK but the same optimization can potentially be applied to make DQPSK even less
sensitive to chromatic dispersion. This is of great importance for short haul high
bitrate systems at 40Gb/s or even 100Gb/s. One main detrimental effect of these
systems 1s chromatic dispersion and increasing the tolerance of DQPSK increases
transmission distance and reduces the need for expensive chromatic dispersion
compensation. It is fair to assume that OF and FSR optimization could be used to

further increase CD tolerances. Recent demonstrations on the effect of FSR on optical
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filtering in DQPSK demodulation were reported 111, 1127, similar to the reports on
DPSK optimization [94-967 are a promising indication that the optimization would

similarly increase chromatic dispersion.

We recently obtained such results for DQPSK demodulation. With optimal
parameters, CD tolerance increases by nearly 10% for NRZ-DQPSK as illustrated in
Figure 17. As can be observed in the figure, the NRZ-DPQSK improvement in CD
tolerance contrasts with that of NRZ-DPSK which improves by 20% with optimal FSR
and OF 10° (Gb/s)? ps/nm using CDindex=(2R)2LD [ 1077 where again R is the symbol
rate, L the fibre length and D the CD in ps/nm/km. This is explained by the fact that
increasing the FSR of the demodulator of the @ channel for example, means that some
of the signal in the I channel is accepted. Nevertheless, since DQPSK is already more
tolerant to CD, the CD tolerance improvement in absolute value in normalized units of
is similar for NRZ-DQPSK (40 x 10° (Gb/s)? ps/nm) than NRZ-DPSK (35 x 10°
(Gb/s)? ps/nm). One can also deduce the optimal FSR depending on the OF used; since
the contour plot of (1137 are skewed, it can concluded that when tighter OF is used,
increasing the FSR is beneficial as was observed in [1117. For a NRZ-DQPSK system,
we conclude that using a constant FSR/R of 1.2 yields only a small 0.2dBQ penalty
with no CD but optimized for 400 x 10? (Gb/s)? ps/nm and for a wide range of OF

bandwidth.
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FIGURE 17. CHROMATIC DISPERSION TOLERANCES FOR RZ- AND NRZ-, DPSK AND

DQPSK. THE INCREASE IN CHROMATIC DISPERSION WHEN BOTH OPTICAL FILTERING
AND FSR ARE OPTIMIZED IS GREATER PERCENTAGE WISE FOR THE DPSK FORMATS BUT

ROUGHLY THE SAME IN ABSOLUTE VALUES.

For RZ-DQPSK with optimal OF, the optimal FSR/R value is 1. With tighter

filtering, larger FSR yields better performance. With optimal parameters, CD

tolerance increases by about 20% at 3 dBQ penalty as illustrated in Figure 17. This

contrasts with the dramatic improvement for RZ-DPSK of about 65%. Again, since
DQPSK is already more tolerant to CD, the CD tolerance improvement in absolute
value is similar for RZ-DQPSK and RZ-DPSK (60 versus 70 x 10 (Gb/s)? ps/nm).
The required values of optical filtering (OF) and free spectral range (FSR)

normalized over baudrate for RZ- and NRZ- DPSK and DQPSK for optimized Q factor

when both OF and FSR are optimized simultaneously are illustrated in Figure 18.
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Conclusion

This thesis has generator some interesting discoveries on the DPSK modulation
format. Until recently, optical communication systems strictly employed conventional
intensity (IM) modulation signals in either non return-to-zero (NRZ) or return-to-zero
(RZ) format. After years in the lab, DPSK is finally a viable format and is being
deployed worldwide. The goal of this thesis was to investigate the DPSK modulation
format in fibre optic communications systems to further the understanding, improve

the performance and enable novel ways to utilize the modulation format.

In the six papers of this thesis we investigated the generation, transmission and

demodulation of DPSK.

I. We proposed and demonstrated a novel low-cost method to encode

optical packets using DPSK.

2. We proposed and demonstrated a transmission effects monitoring using
a novel partial-bit delay interferometer-assisted clock tone monitoring
method for sensitive optical-signal-to-noise ratio (OSNR), chromatic

dispersion (CD) and polarization mode dispersion (PMD) monitoring.

3. We investigated the reduced tolerances and power penalties of DPSK
demodulation when more than one bit delay i1s used in the

interferometer and concluded that laser linewidth and frequency offset
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tolerance were greatly reduced.

4. We proposed and experimentally demonstrated an optical error
correction method combining DPSK optical logic gates with electronic
logic gates to improve receiver sensitivity and chromatic dispersion

tolerances.

431

We demonstrated the important effect of the optimization of optical
filtering and the free-spectral range of the delay-line interferometer to

improve chromatic dispersion tolerances.

Finally, we attempted to put our work in the perspective of the next generation of
modulation formats such as DQPSK and coherent demodulation and try to understand

how the lessons learned in our work on DPSK could be applied and extended.
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Abstract-—We present and analyze payload/labet encoding
based on a single Mach-Zehnder mudulator, in which the paylond
is differentiol pliase-shift keyed and the label Iy amplitude-shift
keyed through modalation of either the modulator bias or the
amplifier galn. The encading is analyzed numecically and exper-
imentally. Simultaneous encoding of a 1-Ghis payload and a
155-Mbvs Inhet is demonstrated with high receiver sensitivities.
Penulty-free transmission over 88 km of standard single-mode
tiber is achieved for both the paylomd (with dispersion com-
pensation) and the Ishel (without dispersion compensation).
Furthermorve, polavization-ind dent kabel pr ing und pay-
[ond wavelength conversion at intermediate nodes are proposed
for poteatindly cost-elfective node op

Index  Terms—Differential  phase-shift  keying (DPSK),
Mach-Zehnder modutator (MZM), optical label switching.

L INTRODUCTION

PTICAL packer swiiching (OPS) and optical st

switching {OBS} are regarded as promising next-
generation transport technologies [1]. One optically labeled
packet fransmission scheme is based on an orthogonal inten-
sity modulation/differential  phase-shift keying (IM/DPSK)
modulation format, in which the payload is amplitude-shife
keyed and the label is differential phase-shift keyed [3]. Other
schemes with the payload modulation belng frequency-shift
keying [4]. subcarier modulaton {3], or polarization-shift
keying [6], have also been demonstrated. Tt was recently found
that using DPSKAM for payload/label modulation and using a
baianced recetver for DPSK detection provide superior receiver
sensitivity for both the abel and payload {7}, [8]. In these
optical label encoding schemes, two optical modulators are re-
quired, one for the paylead encoding and the other for the: label
envoding. More recently, a single modudator has been used for
stmultaneous payload and label encading {9]. In this letter, we
present detailed theoretical and experumental analyses of the
stngle modulator-based pavlond/tabel encoding scheme. We
also propese novel polarization-independent label processing
and payload wavelength conversion schemes at intermediate
nodes,
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1I. THEORY

The output optical field of a Mach-Zebnder modulator
{MZM) biased at extinction can be expressed ay

. . N -
{!_:J»;;um».«.r‘t} - €v~1~_7hrwer(e,)
Epn{ty = Eyy -~

. M

where I, and E,,, are the input and output optical fields, re-
spectively, and @ypper 406 Prower dre itduced phase changes in
the upper and lower arms of the MZM by applied voltages. With
balanced driving, we have Puppec(t} = —@Clower{t) = @(£) and

o) = ‘l [V, D2, () + AVias) @
T

where V;, is the amplitude of the data modulation, Dy{t} =
+0.5 Is the ac-coupled pavioad data, and AV, is the bias
voltage offse! From the extinction point. A nonreturn-to-zero
signal is generated with V), = AV, = 0.5V, and an ideal
DPSK signal is generated with V, = ¥ and 31, = 0. One
advantageous feature of DPSK generation is that even when the
MZM is not fully driven or not perfectly biased, exact phase en-
codling can still be achieved over the ceater portion of each bit
period. This feature is exploited to modatate the amplitude of a
high-speed DPSK payload signal for label encoding {9]. In the
first single MZM Label/payload encoding scheme illustrated in
Fig. 1 ¢top), the RF port of the MZM is used to encode the DPSK
payioad while the labe} is encoded by modulating the bias port
hetween the null point and a small fraction of V,. The phase
modulation (1} can be expressed as

w
Ve
where ¥, is the amplitade of the label modulation and Dy{¢) =
£0.5 s the tabel data. In the second scheme itlustrated in Fig. 1
tbottom), the drive voltage output of the RF driver is modalated
berweenV, and (V, — 1) by the label data. Preferably, Vy, = V.
The phase modulation (1) can be expressed as

Pl = = LD, + Vi) + AV B

Ed

v,

‘ v
olf) = Vo, - [1 - 0.5 - D)) . o
r

IIT. NUMERICAL AND EXPERIMENTAL RESULTS

The experimental setup is illustrated on Fig. 2. For both
schemes, direct detection of the label is achieved with an inex-
pensive jow-speed receiver while the DPSK payload is decoded
by using an optical [-bit delay interferometer before detection
by either & single or a balunced detector. A pseudorandom
binary sequence pattern of 2'% .. 1 i used for the payload

1041- 11352820403 & 2006 IEEE

65


http://1041-U.JMG0.0B

66

LIZE ¢f ol SINGLE MODULATOR PAYLOADVLABEL ENCUDING AND NODE OPERATIONS 1144

0 «  Bias modulation
zhn AA
£ \ / / K re
2 /
3 i K Bias
AT .
\J ‘d; / machdation ne
Voltage
Amplifier gain modulation
0 ®
155Mb/s Label
& \s ﬁ\’ 43 gg‘n‘;ws‘m isatﬂmgmm)
ANANA &
ﬁ % 2 ! % ;&? Tora ol |RE
& K - N, § [N
j \ i Fxbigs point
v

Voitage

Fig. 1. Transfer functions and implementations of label encoding throwek bias
miodulation (tops and drive-voltage midntation (battone). Empty (filled? drcles
ittustrate payhoad modulation when labed bitis a ”1” {07} Diamosds madk the
bias positicn.

<]
Pawsr
spiter L oM g payiad

__....{ >"‘Q&aﬁ PO
EDFA FeLabet

Siow B
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while a 27 ~ 1 for the label, the payload is at 10 Gbv/s and the
label is 155 Mb/s. The effective bandwiddh of the hias port used
is ~300 MHz, and the gain modulaiion bandwidth of the RF
amplifier is ~500 MHz. These bandwidths and, therefore, the
{abe] bit rate can be increased through better RE packaging.
Fig. 3 illustrates the payload optical signal-to-noise ratio
{QOSNR) penaliy versus the label extinction ratio {ER) showing
better performance for the amplifier gain modulation scheme.,
Fig. 4 shows the measured BER versus the received power for

-3

& a0 a8 36 84z 30 28
Received power (dBm)
Fig. 4 Measured bowk-to-back BER wersus received optical power As

expecied, a 3-dB improvement is observed berween single detecdon and
bafanced detection. No pensdty is observed after 30-km traasmission.

Fig. 5. Hyediagrams of the F-GHYs paytoad with tabet encoded through (ad the
bias modulation and (b) amplifter gain modulation with simitar ER for the lubel
o each case.

a 3-dB {abel ER. In the bias modulation scheme, the measured
recelver sensitivities (at BER = 109 are ~31 dBm for
the label and —~33 dBm for the payload, respectively. In the
amiplifier gain modulation scheme, the receiver sensitivities for
the label and payload are both 36 dBm. The payload receiver
sensitivity becoraes 33 dBm when a single detector is used
for the DPSK detection. No penalty is observed on both the
tabel and payload after $0-km teansmission through a standaed
single-mode fiber.

Both simulation and experimem show that the amplifier
gain fabel modulation scheme putperforms the bias modulation
scheme by about 2 dB for a 3-dB labe! ER. Fig. 5 shows the
experimental and simulated eye diagrams of the payload, Sim-
ulation results show that timing jitter [9] and higher frequency
components in the bias modulation scheme may explain the
difference in performance.

IV, LABEL PROCESSING AND WAVELENGTH CONVERSION

In an optical label switched network, labet swapping, in-
cluding Jabel removal and label reinsertion, must be realizable
at intermediate nodes. Different methods o perform these
functions inexpensively have been studied and implemented
{13]-115]. Using 2 polarization-insensitive saturated semicon-
chictor optical amplifier |11}, these fanctions can be achieved in
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Fig. 6. Label provessing and payload wawelength conversion fn an
intemediate mode,

the optical domain for the DPSK/IM encading scheme where
the slow intensity variation can be effectively erased while
the payload remains intuet. By taking advantage of the single
modulator techaiques and readily availabie RF componeats,
{abel erasure, label reinsertion, and wavelength conversion may
be achieved more economically in the RF domain, with no
concern for the polarization dependence. For label removat at
an intermediste node, a satoraling RF amplifier can be nsed
after the payload/iabel signal is detected, as shown in Fig. 6.

Although wavelength conversions can be performed through
wontinear processes, they are intrinsicatly polarization depen-
dent, have limited bandwidth, and require sufficiently high
optical powey {through per-channel-based amplification), With
the single MZM scheme, wavelength conversion may be cost-
effectively realized by using a wavelength-tuneable laser, which
operates aver a very broad wavelength range. A packet leaving
a node may also retain its original wavelength, which is not
usually feasible in aonlicear wavelength converters,

V. CONCLUSION

We have presented a detailed study on two single medulator-
based payload/abel encoding techniques for optical lahel
switching. The amplifier gain moduation scheme outperforms
the bias modulation schenie by approximately 2 dB. Polar-
ization-independent label processing and payload wavelength
conversion at intermediate nodes based on electrical domain
signal processing are proposed. By providing simplicity and
potential cost-effectiveness, these payload/label encoding tech-
niques and node operation schemes may be atiractive in future
OPS and OBS networks.
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Independent and Simultaneous Monitoring of
Chromatic and Polarization-Mode Dispersion
in OOK and DPSK Transmission
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Abstract—¥We  prop and 4 trate a  novel  tech.
nigue for a  simultancous chromatic and  firstorder
polarization-mede-dispersion (PMD}  monitoring  mwethod

usiug » partinl hit delay Mach-Zehnder interferometer (MZD
with radio-fregueney (RF) chek tone monitoring. RF clock tones
at the output of the two branches of the MZI hehave oppositely
with increasing chromatic dispersion (CD) which impeoves the
sensitivity of the t. The technig increases I

i ivity over dard clock tone methods by
a facter of two for a nonretuen-to-zero intensity modulation
format and & factor of fve for a ditferential-phase-shift-keying
modulation format. The avcuracy of PMD monitoring is also
enhanced. Morcover, the partial bit delay allows the signal to pass
through the constructive branch of the MZE with no cbservable
degradation of the signal guality, allowing it to be normalty
detected by a receiver.

"
ng

Index Terms—Chromatic dispecsion (C1), moaitoring, optical
fiber communication, polarization-mode dispersion (PMD).

1. INTRODUCTION

IMULTANEOUS and isolated monitoring of the sources
St)f signal degradaticns is a laudable goal for stable and ro-
bust optical communication systems. Stch optical performance
monitoring could enable networks to efficiently diagnose and
compensate deleterious effects. Key degrading effects that anet-
work operator may want o monitor include chromatic disper-
sion (CDY and polarization-mode dispersion (PM D). Several ap-
proaches have been proposed in the literature to moniter CD and
PMD: 1) using sideband optical Gltering and clock phase-shift
delection to monitor CD [1]; 2) CD monitoring technigue based
on phase-sensitive detection [2]: 3} using a dispersion-bissed
radio-frequency {RF) clock tone to monitor CD [3]; 4) using
an optical delay-and-add filter to monitor CD [4]: and 5) using
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Fig. £, Concepiual diagram of how the clock sono behaves after the constative
and destructive sim of the partial bit DLI under CD and PMD. The asymmetry
in the behaviors allows the iselation of the two effecis.

equalized carrier/sidebund filtering to monitor degree-of-polar-
ization based PMD [S], CD-regenerated clock tone fading for
PMD monitoring [6]). However, all of these techaiques either
monitor enly CD or only PMD, bat not both simultaneously.
Some reports have preseated both CD aad PMD monitoring
using polarization modulation {7] and asynchronous amplitude
histogram evaluation [B], but require more than one monitoring
technique.

One shmple and cost-effective approach for performance
monitoring is o measure the RF power in the clock tone using
a narrowband electrical filter and a powser meter. This method
can be used to track accumuiation of either CD or PMD {9].
Unfortunately, it does not allow isolation and simultancous
monitoring given that both effects will have an influence on the
clock tone power.

We propose and demonstrate a lechnique that simultancously
monitors and isolates CD and first-oder PMD for noareturn-to-
2ero (NRZ} ON-OFF keying (OOK ) and differential-phase-shifl-
keying (DPSK) signals. We monitor the RF clock-tone power at
the output ports of an unbalinced Mach—Zehnder delfay line in-
terferometer (DL with a quarter bit delay in one arm {10]. It
is abserved thatl the ¢lock power from the constructive port of
the DLI grows with an increase in CD and with a decrease in
PMI, whereas the clock power from the destructive port grows
with a decrease in both CD and PMD (as in Fig. 1). By appro-
priately adding and subtracting the constructive and destructive
clock powers, we can simultanecusly derive the individual con-
ribwtions of CD and first-order PMD while increasing the sen-
sitivity.

1041-1135/320.00 € 2006 IEEE
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Fig. 2. Panjak-bit DL for NRZ signals, A small fraction of the bit interferns
with the following bit for pulse carving in the desructive pott, resulting in a
streng clock tone. There is Hitle degradation at the constructive port due to the
high FSR. :

We demonstrate  PMD-insensitive €I monitocing  over
600 ps/nm at 10 Gb/s while increasing the sensitivity by 220%
(0 0.055 dB/ps/um) for OOK und by 550% ty 0.044 dB/(psinm}
for DPSK over standard clock tone monitoring [3]. We also
demonstrate CD-insensitive PMD monitoring over 50 ps with
an average sensitivity of 0.25 dB/ps for both QOK and DPSK.

1. BACKGROUND THEORY

We use a DLI similar te that in [7] from ITF Laboratories
{11} but with a 1/4-bit-time delay in one arm and without any
modifications to the transmitter. The transmission peak of the
interferomeder is blased at maximum/minimum power in the
canstructive/deconstructive arm, and both DL outputs are uti-
lized in the monitoring process. As iflustrated in Fig. 2, the re-
sponse in the constructive port is essentially transparent to the
signal due to the high free-specteal range (FSR) (dx the data
rate), The destructive output of the DLI is a return-to-zere (RZ)
signal with a strong RF clock tone present. Inside the DL, the
signal interferes with itself for 3/4 of the bit period and inter-
ferey with the phase of the followiag bit for the other 1/4 of the
bit period, resulting in RZ pulses as iHustrated in Fig. 2. The
1/4-bit-fime value was chosen as a reasonable tradeoff between
constructive port penalty for data detection and destructive port
pulse-carving for monitoring.

As iflustrated in Fig, 1, the 10-G clock tones on the two out-
puts of the 1/4-bit-detay DLI are dependent on dispersion and
PMD. The increase ia clock tone power with increasing CD at
the constructive port is well known for NRZ [3]. At the destouc-
tive port, CD spreads the input pulses in time, thereby lowering
the peak power in the output RZ pulses and thecefore the clock
tone power. The dephasing effect of PMD on the clock tone re-
duces ity intensity (6], Utilization of this Teatuce allows isola-
tion and simuitznecus measurement of CD and PMD. The mog-
itoring can be loosely conceptualized by the two functions

F(CD) = Popye{F CD. | PMD} = Pau(| CD, | PMD)
(1

FIPMD) = Prons(1 CD, | PMD) + Py (| CD, L PMD)
(2

where P, is the clock tone power at the constructive arm
which grows with CD» and decreases with PMD. Py, is the
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Fig. 3. Experimental setup using fiber for CD and @ PMD emulator for DGD.
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20 - e 't
@m0
B 508 ’
166 200 300 400 500 €00 700
Chromatic Dispersion {pa/nm}

25

Change in Clock tone power (dB)

Fig. 4. DPSK clock tone power change versus dispersion for differemt DGD
vabues, Experi {ots} and simulation {lines) shosw that DUGI duoes not affect
the change in power versus dispersion. Maximuam clock tone power is 9t 0 ps/nm
in the destructive arm and 700 ps/om for the ive arm. Subtracting the
o curees isolates the effect of CD and increases sensitivicy.

clock wmne power %t the destructive arm which decreases with
both CD and PMD. The inverse relationship allows for removait
of the PMD in the suberaction and CD in the addition, thereby
isolating both effects. This also has the added property of in-
creasing the sensitivity of the CD measuremeat. Unfortunately
this method is not appropriate for RZ-type formats since they
already have strong clock tone power and do not benetit from
the partial bit defay clock-tone generating DLI

III. RESULTS

Experimental demoasiration was performed using the setup
of Fig. 3. Optical fibers were used to vary dispersion and a PMD
emulator to vary DGD. The transmission peak of the interferom.
eter was easily adjusted by maximizing power in the construc-
tive grm or minimizing power in the destructive arm.

Figs. 4 and 5 tHusteate simulation and experimental results
of the change in ¢lock tone power versus dispersion at the con-
structive and destructive arm of the DILI for different values of
DGD. Subtracting the two curves isolates the effect of PMD and
increases sensitivity. At a bit-error rate of 1079, we observed a
petalty <0.1 dB in the constructive avm in comparison to direct
detection for OOK and DPSK which indicales that the signal
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through the constructive port can be used for standard detec-
tion.

Although DGD affects the clock tone power [6), it dees not
affect the change in power versus CD. Experimental resuits are
in agreement with simulations for both PMD and CD measure-
ments.

Using (1) and the results of Figs. 4 and 5. we obtain
PMD-insensitive CI2 measurements to within 0.} dB. For
NRZ-OOK, the monitoring sensitivity is increased by 220%
from 0.0243 dB/{ps/nm) for standard clock tone detection o
0.033 dBAps/nn) using vur method, For DPSK, the sensitivity
is increased hy 330% from 0.008 dB/(ps/nm) using a single
clock tone detection to 0444 dB/(psfmm} with our method.
Experiments and simulation results show a CD monitoriag
range from 0-600 psfmm. We measuared up 10 50 ps of DGD
with an average sensitivity of 0.25 dB/ps for both QOK and
DPSK as iltustrated in Fig, 6 for OOK and Fig. 7 for DPSK.

LV, CONCLUSION

We have demonstrated a simultaneous €D and  first-
order PMD monitoring method using a partial bit delay
Mach—Zehnder interferometer (MZD-assisted RF clock tone
monitoring which isolates the two effects while improving

D60 (ps)

Fig. 7. DPSK clock tone power versys PMD valaes for the constructive and
destructive pon fov different values of CD. Lines are simulation and points are
expecimental data.

sensitivity. Mouitoring the two branches improves CD moni-
toring sensitivity over standurd clock tone method by a factor
of two for NRZ and five for DPSK. In the constructive arm, the
MZI acis as an optical bandpass filter reducing the ASE noise
without deteriorating the data signal.
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Abstraci—Multibit delay <& dulation of differential-phos
shift-keying (DPSK) is finding applicati in polarization inter-
lesved modulation, uptical tine-domain multiplexing (OTDM),
and multisymhbol DPSK d lulation, Litcle attention has heen
paid to the degradation in tolerance and power penalty associated
with mulfibit delay demodulation. We assess experimentalfy,
numerically, and analyticalty the power penalties and wlerances
assoclated with multibit delay DPSK demodulation. Numerical
and analytival results show that the power penalty scales by a
small Tactor of 0.2-40.35 dB per integer bit delay due o laser
tinewfdit {1W) while expecimental back-to-back results show a
significant 1.2 4B per integer bit delay due fo frequency offset
penalty of kmger bit defays, Frequency offset tolerance scales as
Vhit-delay and the delay-muismateh tolerance deereases by 206
for delays Jonger than 1 bit. A simple analytic model sceounts
for the combined cffect of LW, frequency offsel, and nwplified
spontaneous emission.

index Terms—Delay lines, demodulation, dilferential phase
shift keyieng (DPSK), frequency stability, optical time-domain
multiplexing (OTDM), polarization interfeaving.

I. INTRODUCTION

IFFERENTIAL-PHASE shift keyiag {DPSK) is currently
Dunder serious consideration as a deployable data-modula-
tion format for high-capacity optical comnmaication systems
due to i high receiver sensitivity and tolerance to certain
nonlinear effects. The typical binary DPSK [ 1] receiver uses a
Mach-Zehnder delav-line interferometer {DLI; with balanced
detection, and 1-bit delay in one arm, demodulating the dif-
ferential phase between each data bit and fts successor. There
has been much recent interest in the concept of modified DLIs
with muntibit delay tn one arm, demodulating the differentiad
phase between successive data bits that are a fixed number
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of bit time slots apart. DPSK receivers equipped with such a
function are used in the following applications. 1) Demod-
ulating data streams that have been time-multiplexed using
polarization interleaving, such that each bit is compared to a
previons bit ip the same polarization state {2, [3], which can
mitigate certain nonlinear effects. 2) Demodulating an opticalty
time-division-multiplexed (OTDM} data stream, such that each
data bit is compared to a previous bit feom the same transmitter
{4}, This is also important in laboratory experiments when
using a single transmitter, where the OTDM muiltiplexer does
not provide phase stability. 3) a DPSK receiver using severat
DILIs of various bit delays, with the DLI outputs all combined
using postprocessing, to achieve higher receiver sensitivity
[5], [6}. Although DPSK demodulation has been extensively
investigated [7]-{10}, there has been little discussion on the
actual system penalty incurred by multibit delay demodulation
1]

We present experimental results, and numerical and analvtic
analysis of the penalties associated with multibit DPSK demeod-
ulation due 10 frequency offsel (FO) as described in Fig. 1,
laser linewidth (LW}, and the bit delay offset. Simulation re-
sults along with an simple analytic model indicate that the op-
tical signal-to-noise ratio (OSNR) penalty associuted with de-
tection through multibit delay scales as 0.2-0.35 dB per infeger
bit delay at 10 Gb/s with a 10-MHz LW, We also find that the FO
tolerance scales as the inverse of the bit delay. Furthermore, the
it delay mismatch penalty increases for 2-bit delay demodula-
tion, bt no further degradation oceurs for longer delays. These
key limitations may reduce the effectiveness of multibit delay
methods in some applications.

II. MODEL AND EXPERIMENTAL SETUP
Over a realistic fibey optic link. it has been shown that the
total tinear and nonlinear phuse noise has a nearly Gaussian
distribution {12}, Extending the Gaussian approximation to
laser-induced phase noise [13], a simple analytic model is
derived for M-ary DPSK detection, with ()%-factor of the total
demodulated Gaussian noisy angle given by

QF = (7/M « )/ (o xsnr, + olpx) tE

where v = 2500, Td is the phase offset belween the two DLI
arms, with Ay, the frequency otfset away from the optimal op-
tical carrier. of 5 ~y, I the vatiance of the linear and nonlinear
phase neise, and the laser phase noise {LPN} variance is given
in the first perturbation order by the expression

1041-1135/825.06 © 2107 IEEE
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1 bit delay

2 bit delay

Fig. §. Spectral response {dash curve of a 1-hit (left) and 2bit (right) defay
delay-tine interferometer overlayed on & DPSK spectrom. The natrower free-
spectral range increases the frequency offset sensitivity.

Variable Delay
Interferometer

Fig. 2. Experimental setup tn obtain receiver sensitivity and OSNR penalty
measuremnents. Different bit delays are obtasined through the variable delay
interferometer.

afpy = 2rAvpwTid — 1/3) 2)
with Avgw the full-width at half-maximum (FWHM) laser LW,
T the bit rate, and d the iateger aumber of bit delays. The
OSNR penalty in decibel units is readily extracted from {1} and
{2 with its functional dependence due to the combined etfect of
LW, FO. and multibit bit delays

ZTAIILW (d -3 7

Lf‘w-'\L

~ 0 log[t ~ 2M dp T 10 log,, 11+
(3}

The vaiue of o8 +x, In Figs. 3 and 4 further below was set
such that for zero L\-V zmd FO penalties the linear phase noise
induces a BER of 1077 while the nonlinear phase noise power
is zero.

For our experimental results, we constructed a stable delay in-
terferometer with tunable deiay providing an FSR ranging from
3.2 w 11 GHz. Two 3-dB fiber couplers were spliced together;
one branch wound onto a fixed wheel and the other branch
wound on two hall wheels with tunable separation, stretching
the fiber tor provide the variable time delay. The extinction ratio
exceeded 15 dB and BER was measured for a 1O-Gb/s sigaal
using the sewp of Fig. 2

Simulations were performed for a 10-Gb/s RZ-DPSK signal
on a 10-MHz LW {user using 12.5-GHz third-order Gaussian
optical filtering and 8-CiHz Lorentzian electrical hllering at the
recgiver. A Karhunen-Loeve expansion for non-Gaussian nofse
statistics was used with 512 bits simulated at 64 samples per
bit. Complete BER versus OSNR curves were simulated and the
OSNR penalty at BER = 10~ was inferred from those curves
throngh a finear fit of the log (log{BER)) curve.

I LASER LINEWIDTH PENALTY
With the frequency offset set to zero in (2), the OSNR penalty
versus {aser LW is illustrated in Fig. 3. At 10-MHz LW and
10 Gb/s, the degradation is ~0.35 dB per bit delay. The penalty
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proximates the experimental results while showing similar asymptotic trends of
the numerical results,

is associated with the Haite coherence time of the kuser, or equiv-
alently it is due to the random walk of the phase noise Wiener
process, with its varignoe bullding up over the multibit delay.
For tixed LW and bit delay, increasing the bit rate will decrease
the penalty. Siordations show 3 penalty of 0.2 dB per bit delay
at 19 MHz. Since linear phase noise is not exactly Gaussian and
our results do not include nonlinear phase noise, there is a small
discrepancy between analytic and aumerical results.

IV, FREQUENCY OFFSET PENALTY

By setting the laser LW to yero in (I}, the analytic penalty
due to the frequency offset is as shown in Fig. 4, which also il
lustrates the simujated frequency offset penalty, The 1-bit delay
numerical curve is similar to previously resuits for 1-bit delay
frequency offset [10]. As expected, the frequency offset penalty
scales as the fnverse of the bit delay such that » 1-dB penalty is
obtained for an offset comparable to 4% of the bit rate at 1-bit
detay but that the same penaity ocours at 2%, 1.33%, and 1% for
2,3, and 4 bit delay, as shown in Fig. 4. As expected, the penalty
increases with increasing bit dejay but decreases with increasing
bit rate. Experimental results shown in Fig. 4 exhibit a similac
trend as the numerical results, but were found to be more sen-
sitive to frequency offset. Such discrepancy has been observed
in other reported experimental results [8}-{10]. There is also a
discrepancy between analytic and numerical results which can
be explatned by the Gaussian phase noise approximation. As
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Fig. . OSNR penalty versus delay of BER 10~7. Experimental results scale
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simulation shomy 2.2 dB peaaity due to laser EW, The delay mismateh pepalty
3 dB range is 1 hit wide around i-bit delay but valy 0.8 bit at greater delays,

expacted, hoth the simple analytic model and simulation results
show the same asymptotic behavior versus offset and a decrease
in penalty passed 25% of the FSR value, For negligible Jaser
LW, the FO penalty is independent of the linear amplified spon-
taneous emission (ASE) and nonlinear phase noise (3). This can
also be interpreted as independence of the optical filter band-
width and shape, and was numerically validated.

V. BIT DELAY PENALTY

The OSNR penslty for muitibit delay DPSK demoduiation
in back-to-back transmission is iHustrated in Fig 5. We pumer-
ically determined a penally for multibit delay scaling up with
a slope of ~0.2 dB per integer bit delay which iy fn par with
andytic and pumerical results for laser LW penalty presented
in Fig, 4, Experimentally, using a variable delay interferometer,
we measured a greater penaity of 1.2 dB per integer bit deluy
as shown in Fig. 5. We also meuasured BER versus received
power on a different expesimental setup vsing three commer-
cial demodudators with FSRs of 14, §, and 2.5 GHz. A receiver
sensitivity penaity of around ~1 dB/integer-bit-delay was again
observed.

Our experimental penalty is significantly higher than in the
numerical results and also exceeds the previously observed
penalty using a 40-Gh/s DPSK signal in a 40-GHz and 10-GHz
demodulator {14]. The excess expertmental penalty is ex-
plained by the use of a tunable FSR demodulator and 5-GHz
and 2.5-GHz demodulgtors that e not phase tunaile, causing
a Trequency oiffsel error due to imperfect alignment of the laser
frequency to the transmission peak of the DLIs. Moreover,
stlica-based interferometers drift with about 1.3 GHz/*C, such
that a smalf temperature change of £0.1°C without active
tuning will create a frequency offset of 4 150 MHz. The offset
% sinall for a 40-GiHz or 10-GHz demodulutor, but will create
a significant penalty at 5 or 2.5 GHz.

The bit delay mismatch penalty has been widely investigated
9], [10]. Back-o-back bit delay mismatch penalfy can be seen
in Fig. 5. The results amound 1-bit delay agree with previously
reported resuits. Partiak-bit delay mismatch (<1 bit) incurs a
smaller penalty for the same percentage mismatch, since part of
the bit interferes with itself, always yielding the same determin-
istie constructive interference. At multiple bit delays, the thne
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mismatch transiates partial interference with bit n and partial
interference with bit » 4 1 which will yield different interfer-
ence depending on the phase relationship between v and n.+ 1.
The result is that the 3-dB OSNR penaity bandwidth on FSR
mismatch varies as 1/bit rate for 1-bit delay but lolerance is de-
creased to .8/bit rate for 2-bit delay or more, as illustrated in
Fig, 5.

VI CONCLUSIGN

The receiver sensitivity penalty associated with mmltibit
delay DPSK demoduiation was demonstrated numerically,
experimentally, and anabytically. The laser LW penalty was
shown numerically and analytically to scale as ~0.2-0.35 dB
per integer bit at 10 Gb/fs for o 10-MHz LW. Experimental re-
sults show a 1.2-dB penalty per integer bit delay due to reduced
frequency offset toleranices which reduce with Lbit-delay. The
delay-mismatch wlerance decreases by 20% for delays longer
than one bit. Such limitations may nced w be considered for
polarization interleaved, OTDM, and multichip DPSK demod-
wlation applications {1].
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Abstract: We present an optical multipath error correction techmque for
differentially encoded modulation formats such as differential-phase-shift-
keytg (DPSK) and differential polarization shift keying (DPolSK) for
fiber-based and free-space commumication. This multipath error correction
method combines optical and electronic logic gates. The scheme can easily
be mmplemented using commercially available interferometers and high
speed logic gates and does notf requure any data overhead therefore does not
affect the effective bandwidth of the fransmitted data. It s not merely
compatible but also complementary to emor correction codes commounly
used in optical iransmssion systems such as forward-error-correction
(FEC}. The techmque consists of separating the demodulation at the
receiver in multiple paths. Each path consists of a Mach-Zehnder
interferometer with a different integer bit delay used in each path. Some
basic logtc operations follew and the tuee paths are compared using a
simple majority vote algorithm. Experimental results show that the scheme
improves receiver sensitivity by 1.5 dB at BER of 107 in back-to-back
configuration. Numertcaf results indicate a 1.6 dB improvement in the
presence of Chromatic Dispersion for a 25% increase m tolerance for a 3dB
penaity from 1220 ps/nm to =1520 ps/nm. and a 0.35 dB inprovement for
back-to-back operation.

©2007 Optical Society of America

OCIS codes: (0602330) Fiher opiics communications, {060.5060) Phase modulation |
{060.2360} Fiber optics Yinks and subsydenm.

References and links

.

o

80391 - $13.00USD  Received 23 Feb I007; revised & May 2007,

A H. Coauck and P J. Winzer, “Optical phase-shifi-keved ransmission™ J. Lightwave Technol 23, 115-
136, (2005).

P. J. Winzer and R -J. Essiawbre, "Advanced modolatioa formats for high-capacity optical transport
networks,” J. Lightwave Techaol. 24, 4711-4728 {2006).

A. H. Gnauck, “40-Gb/s RZ-differeatis! phase shift keyed transmission.” in Proc. OFC2003, paper ThEIL,
{2003

X. Lin “Nonlinesr effects iu phase shift keved transmission,” in Proc. QFC2084, paper ThM4 (2004).

X Liw, Y.-H Kac, M. Movassaghi, and B C. Giles, “Tolerance to in-band coherent crosstalk of differential
phase-shift-keyed signal with balanced detection and FEC,” IEEE Photon Technol Lett. 16, 1209-1911
{2004},

F. Segwin and F. Gontlier, “Tuneable all-fber, defay-lue interferometer for DPSK demodulation,” in Proc.
QFC2005, paper OFLS5. (2003).

M. Nazarathy and E. Sunony, “Multi-Chip Differential Phase Enceded Optics! Transmission,” IEEE Photon.
Techuol. Leti. 17, 1133.1133 {2605},

Y. Yadin, A Bilenca, and M. Nazarathy, “Scfi detection of amltichip DPSK over the nonlinear fiter-optic
channel,” IEEE Photon. Techaol. Leit. 17, 20012003 (2005).

accepted 15 May 2007; published 18 May 2007

{C) 2007 OSA 28 May 2007 / Vol. 15, No. 11 /OPTICS EXPRESS 6831

77



@ X. Liu, “Drigited implementation of soft detection for 3-chip-DBPSK with improved receiver sensitivity and
dispersion tolerance,” in Proc. OFC2006, paper (3Tul2, (2006).

1. M. Nazarathy, X, Lin. Y. Yadin, and M. Ovenstein, “Multi-chip detection of optical differential phase-shift
Keying and complexity reduction by imerferometric decision feadback,” in Proe. BCOC2006, Wal P74,
(20065,

t1. M. Nozarathy and Y. Yadin, “Stmplified decision feedback-aided multi-<chip binary DPSK receivers,” [EEE
Photon. Technob. Lett, 18, 1771 - 1773 (2006).

12, X, Liw, “Receiver sensitivity improvement in optical DQPSK and DQPSK/ASK through data-aided multi-
symbol phase estimation.” in Proc. ECOC2006, We2.5.6 (2006).

13. X. Liu, X. Liu, 8. Chandrasekhar, A. H. Gnauck, C. R. Doerr, I Kang, D. Kilper, L. L. Buhbl, and J.
Centani, "DISP-enabled compensation of demodulator phase error and sensitivity improvement in direct-
detection 40-Gbsis DQPSK, postdeadline paper Thd 4.5 in ECOCU6 Cannes, France, 2006,

4. M. Nazarathy, Y. Yadin, M. Orenstein, Y, K. Lize, L. Chrisien, and Alan Willner, “Enhanced self-coherent
optical decision-feedback-sided detection of multi-syisbol M-DPSK/PoISK in particular 8-DPSK/BPISK at
40 Ghps,™ Optical Fiber Conference, paper JWAR3, Ansheim, CA (2007},

15, L. Christen, Y. K. Lize, 8. R. Nuccie, X0 Liu, M. Nazarathy, and A, E. Willoer, *DPSK error correction
using multi-bit detection fir enbanced sensitivity and compensation of impairments,” in Proc. OFC2007,
paper IThA S0, Anabeim CA {2007,

16. T. Mizuochi, K. Kubo, H. Yoshida, H. Fujita, H. Tagami, M. Akita, and K, Motoshima, *“Next generation
FEC for optical transmission systems,” in Proe OFC 2003, paper TN, Atlanta, GA, (2003).

{7. D. Lombard and ). C. lmbeaux, “Multidifferential PSK-demodulation for TDMA transmission,” in Proc,
International Conference on Satellite Communication Systems Technology, (19753, pp. 207-213.

18, F. Buchali, G. Thiclecke. and H. Bulow, “Viterbi equalizer for mitigation of distortions from chromatic
dispersion and PMI) at 10 Gbdés,” in Prow, OFCZ004, paper MEFSS, (2004},

15, H. Haunstein, R, Schieak, K. Sticht, A, Dittrich, W. Saver-Greff, and R, Urbansky, “Optimized filtering for
electronic equalizers in the presence of chromatic dispersion and PMD,” in Proc. OFC200M, paper MF6,
{2004y,

243, H. Haunstein, R. Schlenk, K. Sticht, A, Dittrich, W. Sauer-Greff, and R. Urbansky, "Control of combined
electrical feed-forward and decision feedback egualization by conditional error counts from FEC in the
presence of PMIL™ in Proc, OFTZM3, 2, pp. 474-476.

21. R. Urbansky, A. Dittrich, W. Sayer-Greff, and H. Haunstein, *Electrical equalization and error correction
coding for optical channels,” Holey Fibers and Photonic Crystals/Polarization Made Dispersion/Photonics
Time/Frequency Measureniont and Contrisl, 2003 Digest of the LEOS Summer Topicatl Meotings, (2003,
pp. WBL 1/50-WB1.1e0,

22. Y. K. Lize, L. Christen, 8. Nuceio, P. Saghard, R. Gomma, J-¥Y. Yang, A. E. Willner, and R. Kashvap,
“Power penalty in rultibit differentis]l phase shift keying demodufation,” in Proc, ECOCIO06, paper
Tu3.2.3, Cannes, France (2046},

L. Introduction

Differentially encoded optical modulation formats such as differential phase shift keying
(DPSK), Quadrature DPSK (DQPSK) and differential polarization shift keying (DPolSK)
generated considerable atention in the past 3 years. DPSK is currently under serious
consideration as a deployable data-modufation format for high-capacity optical
communication systems due to its 3 dB OSNR advantage over intensity modulation and its
non-linear tolerance [1-6]. However DPSK OSNR requirements are still 1.2 dB higher than
for its coherent counterpart, PSK for a BER of 10°. Multi-symbol processing strategies have
been proposed to reduce this penalty through soft detection, including decision feedback
based techniques [7-15], providing ~1-3 dB sensitivity tmprovements for DPSK optical
transmission, however the analog or high-speed digital soft detection feedback electronics
remain challenging to implement. It would be advantageous to attain comparable processing
gains over multiple demodulation paths with hard defection rather than soft detection, i.e. by
applying digital logic processing on the balanced outputs of multiple Mach-Zehnder Delay
Interferometers (DLI). Forward error correction (FEC) is now commonty used in most types
of long-haul transmission systems. With only a 7% overhead, enhanced FEC (eFEC) can
convert a 2x107 error to 1 x10°° while Super FEC with a 23% overhead, can correct errors
from as low as 6 x10~° [16]. When error rates exceed those vahwes, FEC becomes somewhat
inefficient. It would be useful to have an error correction algorithm that could take a poor
error rate and bring it to a FEC-capable error rate without affecting the effective bandwidth of
the transmission.
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In this paper we propose and experimentally demonstrate an optical multi-path emor
correction techuique for differentially encoded modulation formats. The scheme can be
readily imnplemented using commercially available DLIs [6] and high-speed logic gates. After
optical demoduiation and hard detection, basic logic operations are applied on each path to
recover the data signal. The partially correfated errors induced by ASE noise are then
cormrected using a sxmple majority-vote algorithm [17]. We find through numerical snmxlatlens
that back-to-back DPSK receiver sensitrvity is mmproved by 035 dB at BER of 107 with
optimal filtering and 0.45dB i1 a 25GHz channel. In chromatic dispersion (CD) —linnted
chansels such as in fiber optic fransmssion, we numenically obtam a 1.6 dB improvement and
the folerance to CD is increased by 25% from +1220 ps/uu to 1520 ps/um. Experimentally
we measured a 1.5 dB sensitivity improvement. The main advantage of the propesed method
is that it does not require any data overhead and hence its performance improvement is
attained without affecting the effective bandwidth of the fransmitted data. This diversity
demodulation scheme is compatible with and complementary to error carrection techniques
cominenty used in opticat transmission systems such as forward-error-correction (FEC). Since
the error correction i1s obtained through hard detection, it is alse compatible with soft
electronic distortion compensation schemes such as feed forward equalization (FFE), decision
feedback equalization (DFE). and maximum likelibood sequence estimation (MLSE) [18-21].
The scheme 15 differentisted from {7-14] in that it is a bard detection scheme and could
therefore be combined with the other soft detection multipath-methods. Furthermore, we
present here an experimental and numerical demoastration at 10 Gbps whereas [7-11, 14]
were namerical demonstrations.

2. Theory

Pre- Optical Optical Logic , . Majority Vote
coder Channel  {DLIs) Electronic Logic Error Correction
e~ —— o - »~ o )

Error
Corrected
Signal

A
by

Fig. §.Conceptual diagram of mwltipsth demodnlation with majority vote esror corpection. The

DPSK precoder nses a 4-bit delay. “The optical logic is performed by the passive DLI DPSK

demodulator. The electronic logic recovers the original signal before mafority vote is appiied.
The scheme takes advantage of the combination of the optical logical XOR function of the
DLI and electronic binary logic gates. A sumple logic representation of the system is
iflustrated in Fig. 1. A modified 4-bit form of Differential Preceding (DP) is performed at the
transmitter prior o optical modulation. The received signal is corrupted by amplified
spontaneous emmssion (ASE) notse accurmulated along the transmission fiber from amplhifiers.
Optical demodulation (s performed using muitiple demodulation paths each consisting of a
DLI with a different integer bit-delay. The bits are then detected. The output of the 4-bit delay
DLI recovers the proper transmitted bits, since a 4-bit differential precoder 15 used at the
transmitter. Electronic logic blocks consisting of XOR gates and delays follow the outputs of
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the 2-bit and 1-bit delay DLIs, re-aligning the three paths together. Finally error-correction is
performed through a sumple majority vote algorithm. The digital processing can be described

by Eqgs. (1)-(4), where @, &,] respectively denote the XOR (addition-moduio-2), AND, OR
logic funetions:
G =b ®c,

0
represents the differential encoder using a 4 bit delay where b, is the information message bit
m time bin &, and ¢, is the differentially encoded message transmitted in the chammel, as
shown in Fig. 1. Next,

4 =e, B, BeP
d® =¢, e, , B
d;*} =c, ey, EBE;:“

&

represent the optical differential demodulations for the 1-bit, 2-bit and 4-bit delay DLIs, where

d 15 the data after optical demodnlation of ¢, and e is the noise in the fransmitted time bins.
Then

L g0 gy 4D Y e
bk = dr @4 25 rIH & dH
O =d ®dS,
RCSTO
b& =d H

3
represent the electronic XOR gates necessary to reakipn all 4 paths to the initial signal where

b, =50 &EP |50 &BP |50 &b
&)

represents the majority vote error correction afgorithm using the bif stream from all three
DLIs.

Referring to the bit intervals 7=1/R (with R the bitrate) the DP performs a modulo-2 addition
of the cumenf fransmitter output bit with the input data bit 47 seconds earlier, 1e. it
unplements an accumulator with 4-bit delay, whereas conventional DPSK uses a DP with 1-
bit delay.

First, assume that there are no errors, ie. Ef) = é‘é:} = Ef) =0. Applying the identity

a®a=0, it follows from (1)-{4) that the output of the 4-bit delay DLI (yielding the

estimate bf}) correctly recovers the transmitted stream, and so do bifz) and Z)S) :
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=

N

B =d® =c, ®c, , =b, Be, , Bc,, =b,
b =d® d?, =(c, ®e,, ) ®(c, , Pe, )
=6,®¢, 8¢, B, =, Bo, :df} =b,
L& _ it ¢ 3 ¢
B =d® ®@dP ©d¥ ®dP,
=¢, @, De, D, B, , P, B, B, =, P, =h,
(5

Extending the model to include the additively miected error indicators é‘,m,f =1,2,4at the
DLI outputs yields after some mampulation

bW =p ®n? ief1,2

(6)
where 7}'5’3 are effective binary noise sireams at the majonity-vote input, given by
Ay _ oAb B 8] (1) ) _ A3 2y 4 Z o4
no=6 BELDEL,DE, mo=ECRE, . =8
¢

Notice that the underlying noise bits of the form £; ) are not statisticaily independent, hence
nor are the effective noise bits {77,775, 7Y} independent.

It is apparent that (6) defines an effective binary channel wherein b, repetition-coded with 3-

fold diversity, 1.e. the same bit is fransmitted over three scalar binary channels comupted by
the partially correlated effective noises. The proposed decoding scheme applies a simple
majority-vote strategy reducing the probability of errors, relative to a single use of either one
of the three paths, and alse provides improvement relative to couventional DPSK. When
errars are uncorrelated in each demodulation path, the correction rate of majonty vote s
determined by the individual Error Rates (ER):

|ER® - ER? (1- ER® )|+ |ER® . (1- ER®) ER® |+ |1- ERV) ER™ - ER®]

This is the upper limit of majority vote error detection. Since there is only partial comelation
between the effective noise bits, there i5 a low probability that two or three of the paths
assume the same value simultaneously. The majonity vote correction method is analogous to
what has been proposed i the RF domain at MHz speed [17]. Combining soft FEC or soft
detection techniques with fhis method could be done immediately after the interferometers in

Fig. 1 before a hard decision is made to obtain 4", 4 .47 .
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Fig. 2. Experimental setup for the demonstration of multipath DPSK demodnlation smajorisy

vote error coerection. Using 3 commercial DLIs, three 10Gbps bit error rafe tesier and a
20Gy's reat fime scope. Logic operativns were processed offline.

3. Results

Monte Carlo simulations were performed using a 2.1 pseudo random bit sequence (PRBS) at
10Gbps with 12.5 GHz optical filter and 8 GHz electrical filtering at the receiver. Using these
parameters we find an improvement i recefver senstivity of 0.35dB at BER of 107 as
tlustrated in Fig. 3. Our simulation of BER versus OSNR curve for standard back-to-back
DPSK, which would overlap with the 4 bit delay demodulation in Fig. 3, agrees with
previously published results {9] wielding confidence in our mumerical results. Figure 3 also
provides the theoretical lunit of majority vote error correction {ideal majority vote) assummg
the errors were completely uncoerrelated, confirming that m multi-path demodulation, errors
are partially correlated. The theoretical limut when the demodulation paths are completely
independent allows a 1.2x107 error rate to become 2 x10° suitable for éFEC or it allows a
2.1x107 error rate to reach 6x107” suitable for Super FEC. In a back-to-back transmission,
errors are somewhat comelated in each demodulation path such that the coding reduces,
correcting a 2.6x10” BER to a 2x10” BER and 6 92x10° BER to a 6x10* BER. Transmission
impairments {(i.e. chromatic dispersion {CD), polarization mode dispersion (PMD), non-linear
phase noise, cross-phase-modulation), and receiver degradations {i.e. non-ideal filtering,
DLI's frequency offset) result in decorrelated errors between demodulation paths. Figure 3,
also illusirates that error propagation due to the 4-bit precoding doubles the errors of the 2-bit
delay demodulation and quadruples the errors in the 1-bit delay. Nonlinear phase is an
important degradation in DPSK tfransmission systems. The other multipaths schemes [7-14]
also exhibited increased performance in the presence of nonlinear degradations, which can
explain the decorrelation of errors between the paths. We would expect majonity vote emror
correction to perform closer to its theoretical limit in the presence of non-linear phase.
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magority vote. Ideal majority vote performance if errors were uncorrelated is showa.

We performed experinmental verification using the setup illastrated in Fig. 2. A 2.1 PRBS
pattern was phased modulated at 10Gbps and then sent through a varable attenuator and
erbium amplifier. The DPSK demodulators from ITF Laboratories had FSR’s of 10GHz,
SGHz and 2.5GHz providing 1, 2 and 4 bit delay. A 70 Ghz opucal filter was used and the 3
photodiodes had bandwidths of appmxunately 8GHz. The three paths were detected
stmultaneously using three receivers and three bit-error-rate testers. Only the destinctive arm
of the DLI was detected since we lackad access to three balanced receivers. The detected bits
were then fed into a 20Gsample/s real time oscilloscope with sufficient memory for offline-
process of 500 000 bits for each path.

£
A

Fig. 4. Opticaf spectra for the destructive arm of the 4 bit delay (2.5 GHz) , 2bit defay (3
GHz) and 1 bit deiay (10 GHz) demcdulators on an optical spectrum agalyzer (OSA). The
longer defays were passive devices resulting in asymmetric spectra.

Figure 4 illustrates the optical specira at the destructive arm of the 4 bt delay (2.5 GHz), 2bit
delay €5 GHz) and 1 bit delay (10 GHz) demodulators, as measured on an optical spectrum
analyzer (OSA). Figure 5 illustrates the experimental eye diagrams of the destructive port for
4 bit delay, 2bits delay and 1 bit delay demodulator. The longer delays were passive devices
in our experiment making them more difficult align the frequency of the laser to the
transmission frequency of the DLI. This can be seen by asymmefric specfra and noisy eye
diagrams.
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Fig. 3. Eye diagrams of the destructive post for 4 bit delay, 2bii defay and 1 bit delay
demodoiater. The longer delavs demodwiator were passive devices in our expesiment making
them more difficelt 1o align the freguency of the laser to the transmussion freguency of the
DLI which resulted in 3 pemaity.
The experimental BER improvement 15 itlustrated on Fig. 6. Ata BER of 10, the back-to-

back 1 nnprovemem is 1.5dB and the method was demonstrated capable of correcting a 5x 107

10 2% 10” for eFEC and of 1 x 107 10 6 x 10” for SuperFEC

-1 5 ® Majority Vote
: O DPSK
| & 1-bitdelayd by

D LA wm 2.bit delay 2‘2}
gi 4 | 0 4-bitdelay b
0, 3 1.5dB . , DPSK
8 4 improvement @ 1V, .
~ -5 BALL LY e e \6
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Fig. 6. Experimental results fo:f the 3 paths and the majority vote combined outpur. A

1.54B is obsetved at BER 107 in back-to-back configuration. The betier experimental

resulty are a results of errors being decorrelated berween path due to oon-optitnal optical

sud electrical fltering and modulator driving voltage slightly less than VR
To explam the superior experimental perfonnance we simulated the required OSNR for a
BER of 107 at 10Gbps for different combinations of optical and electrical filtering bandwadth.
Figures 7 & 8 illustrate the simulated contour plots. With majority vote error correction, the
effect of optirmzing the optical filtering s less significant which can be quite advan{ageous in
multi-wavelength system where filtermg is limited to the wavelength demwltiplexer. The
discrepancy can then be partly explained as due to non-ideal optical and electrical filtering
our experiment. The experimental discrepancy 1s further explained by frequency offsets on the
longer delay DLIs which creates uncorrelated errors [22] in the three paths, thus bringing the
performance of majority vote error correction closer to the ideal majority vote theoretical error
correction limit illustrated in Fig. 3
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4. Chromatic dispersion sensitivity

Chromatic dispersion in the demodulated signal may lead to beneficial decorrelation of the
errors in each path. Such uncorrelated errors improve the performance of the method by
bringing the correction efficiency closer to the theoretical limit illustrated in Fig. 3. Figure 5
illustrates mumerical results for CD sensitivity. The baseline curve matches previously
reported results for CD tolerance for NRZ-DPSK and as expected, majority vote provides a
1.6 dB improvement at a BER of 107, Chromatic dispersion tolerance for a 3dB penalty is
increased by 25% from 1220 ps/nm to +1520 ps/nm.

75 25% increase 2|/
2] in CD tolerange -~
s 7 ; ,
2 6s R N4
% - & e
Off DPSK__ |-~ 7168
g 85 jdrity = -~ improvement!
| "9 "¢ 1 _
5@ | wole | " L1 @BER10D
g 4~5 ""“""'*‘\:_-_‘. ///

4

0 200 400 600 800 1000 1200 1400 1600

Chromatic Dispersion (ps/nm)

Fig. 9. OSNR peralty versus CD for DPSK and majority vote demodulation. A 25%
increase in CD tolerance is found for a 1.6dB improvement at BER=H)",

5. Conclusion

We proposed and demonsteated experimentally and numerically an optical nmwlti-path
demodulation error correction technique for differentially encoded modulation formats. By
combining optical and electronic logic gates we find that DPSK receiver sensitivity is
improved by 0.35 dB numerically and 1.5 dB experimentallty at BER 107 The method
increases chromatic dispersion tolerance by 25% while increasing optical and electrical
filtering tolerances. The method does not require any error correction overhead and is
complementary to other electronic distortion compensation schemes such as MLSE and DFE,
and error correction algorithins such as forward-error-correction (FEC).
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Free spectral range optimization of return-to-
zero differential phase shift keyed demodulation

in the presence of chromatic dispersion
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Abstract: Optical differential phase shift keying is normally demodulated
in a delay-line uiterferometer with a 1-bit delay such that the free-spectral-
range of the demodulator is equal to the transmitted bitrate. We show using
Karkunen-Loeve expansion simulation that free-speciral-range optimization
leads to mereased chromatic dispersion folerances. The optimized delay
mversely scales with the amount of chromatic dispersion such that a delay
slightly shorter than the bit period mcreases tolerances with no adverse
effect on the polarization-mode-dispersion tolerance or frequency offset
penalty at the recerver.
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1. Infroduction

Due to its mcreased receiver sensitivity and increased tolerance to vanous fiber-based
impairments, differential-phase-shift-keving (DPSK) has been pursued aggressively as an
alternative fo on-off keying (OOK) [1-6]. After several years of laboratory experiments and
field demonstrations [7-9], Return-to-zero (RZ-} DPSK is cwrently being deployed for next
geterahon high capacity optical networks. In DPSK the mformation is encoded on the
difference of phase between consecutive bit period rather than the absclute phase of the
sipnal, 2 delay-line Mach-Zelmder interferometer (DLI} [6] 15 commonly used to convert
phase difference into intensity modulation which can be detected by standard phote-diodes.
The two arms of the DLI are delaved relative to each other by a smgle bit time such that the
free spectral range (FSR) of the interferometer is equal to the iransmutted bitrate. The phase of
one bit in the data stream is then compared to the phase of the subsequent bit. The two output
ports of the DLI, representing the constructive and destructive mterference betweern the phases
of adjacent bits, are connected to balanced receivers where it is the balanced deiection that 1s
responsible for most of the advantage of DPSK over OOK.

In back-to-back configuration, the mwst efficient DLI has a complete one-bit delay such
that the phases of two adjacent bits are compared during the entire bit time for maximum eye
opening. It has been shown that DLI degradations such as bit delay mismatch and frequency
offset [10-13], transmission impairments such as chromatic dispersion (CD), polanzation-
mode-dispersion (PMD}, and nonlinearities [14,16] or the combination of DLI degradations
and fransmission impasrments [17] can distort the phase of the DPSK signal and reduce
recerver sensirvity. It might be advantageous to optimize the FSR of the DLI to actually
counteract the phase degradation of the transmission umpairments in order {o enhance the
DPSK receiver sensitivity. It was recently demonstrated that FSR optimization can mncrease
optical filtering and CD tolerances for NRZ-DPSK [18].

In this paper we demonsirate that in the presence of CD, offsetting the FSR of the DLI to
obtain partial bt delay in the demodulation of a RZ-DPSK signal tncreases CD tolerance with
no adverse effect on the PMD tolerance or frequency offset penalty. We find up to 1dB
increase in receiver sensitivity at BER 167 or a 12.5% increase in CD tolerance. We show a
0.25 dB mcrease in recetver seasitivity for PMD mmpatrment which although approaching the
resolution of the simulation, at the very least mdicates that the FSR optimization does not
impact PMD tolerance. The optimal FSR scales with CD and PMD. Furthermore, we show
that some of the increased degradation stemmung from the combination of transmussion
mnpairments and frequency offset {17} 15 actually mitigated by using partial bit delay
demodulation.

2. Cencept and Theary

Normally in DPSK demodulation, an exact 1 bit delay is used to demodulate the signal. The
effect of bit delay mismatch at the mterferometer has been extensively studied {11, 13, 17]. As
seen in Fig. 1, when less than 1-bit delay is used, past of the bit interfeves onto itself which
provides defernumstic constructive mterference for every bit time. This normally creates eye
closure i back-to-back OSNR sensitivity measurement but the deterministic interference 15
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not affected by transmission effects and provides a buffer between bits after demodulation
which mininuzes inter-symbol interference (ISI} CD and PMD are a main cause of ISI in
fiber optic transmussion. The IST tolerance that is provided by the constant interference of
partial bit delay demodulation is not as efficient in the presence of PMD since the
deterministic mterference will oceur independently in the two orthogonal polarization states.
PMD will cause a time delav between the two polarizations such that the time location of the
determministic taterference will drift and ISI will still occur. This also explains why NRZ-
DPSK provides a greater improvernent than RZ-DPSK for FSR optimization [18] since the
RZ formats provides an ISI resistant “buffer” that FSR optimization provides.

DPSK signal

Delay mistatch
< 1 hit dela

Ny v

Daterministic Constructive interference

Lielay mismatich -
> 1 bit defay

Random Interfersnce depending on 3rd bit

Fig. §. Concept of bit delay misnmtch For mi i+ fler than cue bit period a
consiaat deterministic interference occurs for each bit peried leading o greater
toferance io ISL

It has been shown [11,13,17] that m back-to-back fransmusston, a DLI with a mismatch
greater than 1-bit delay such that the FSR 15 smaller than the bit rate has larger negpative
fmpact than a mismatch of less than 1-bit delay.

t* ; g gy ——— E ’ Y
Tunable Fiber EDFA
Laser Clock DATA

Fig. 2. Diagram of the setup for simulations using a 40Gbps RZ-DPSK signal with
SOGHz 3 order Gaussian opfical filter and 32GHz Lorenizian elecirical filter.
Karknuen-E oeve expansion for non-Ganssian nodse statistics was used witk 512 bits
simndated at 60 sampies per bit in a simulation bandwidth of 0.48 THz,

3. Results
Sinmtlations were performed for a2 40Gbps RZ-DPSK signal with 50GHz 3 order Gaussian
optical fillermg and 32GHz Lorentzian electrical filtering. Karkunen-Loeve expansion for

non-Gaussian noise statistics was used with 512 bits simulated at 60 samples per bit m a
sunuiation bandwidth of 0.48 THz. The setup for the simmlations is illustrated it Fig. 2.
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Results show that the optunal bit delay in the presence of residual CD or PMD is no longera 1
bit delay. Complete BER curves were simulated for each combination of parameters and
OSNR penaity at BER=107 were inferred from a linear fit of the Log{Log(BER)) versus
OSNR iz dB.
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Fig. 3. Bit delay mismatch penslty for different values of chronmatic dispersion. The optimal
bit delay is no lenger Ibif in the presence of TD.

3.1 Chromatic dispersion and bit delgy mismatch

The OSNR penalty at BER=10" versus bit delay mismatch in percentage of the bit period at
40Gbps for an RZ-DPSK signal is sflustrated in Fig.3 for different values of CD. The results
shown in Fig 3 for no CD are similar but not exactly the same as previously reported results
for bit delay mismatch penalty [11-13]. This is explained by the fact our results are for RZ-
DPSK and we calculate the OSNR penalties at BER of 107, Interestingly with increasing CD,
the penalty curve shifts to the left of the zero-delay-mismateh point such that the optimal
delay 1s no longer equai o the bit period. Apam. a nusmatch larger than the bit period causes
a greater penalty than a mismatch smaller than the bit period.

Figure 4 illustrates the OSNR penaity versus CD for a perfect 1-bit delay and with the
optirnized delay mismatch. Results for 1-bit delay are in agreement with previously reported
results for CD tolerance of RZ-DPSK [16]. For optimal bit delay mismatch, full BER versus
OSNR curves were sinmated for all the combinations CD and delay mismatch to find the
optitual point.

We find that RZ-DPSK becomes 12.5% more tolerant to CD at 3dB penalty than standard
1-bit delay demodulation. The Fig. also shows that the optimal mismatch values mcrease with
mncreasing CD and that the bit delay is about ¥ of the bit period at 3dB. The Fig. indicates
indicate that at no €D, the optimal point is not zero mismatch but the difference i OSNR
penalty at that point is less than 0.01dB which is much lower than the simulation accuracy.

Figure 5 ilustrates the OSNR penalty versus PMD for a perfect 1-bit delay and with
optimized delay mismatch. As expected the improvement is not as significant as for CD. The
PMD tolerance is mcreased by 2% for a 3dB OSNR penalty which 1s on the order of the
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sumulation accuracy. More mmportantly, 1t indicates that optimizing the DLI to increase
tolerance to CD does not degrade the tolerance to PMD in the RZ-DPSK demodulation.
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Fig. 3. Numerical resules of cptimal mismatch a5 percentage of bit peviod apd OSNR penalty
for PMI). The improvement of 2% in PMD tolerance is not significant and within the

accuracy of the numesical sinwmiation b it nevertheless indicates that optinnzed FSR for
€D will not be degraded by PMD.

3.2 Frequency Offset, chromatic dispersion and bit delay mismatch

Frequency offset penalty in DPSK demodulation occurs when the transmission peak of the
DLI is not alipned to the frequency of the transnutting laser. This is caused by the improper
phase funing of the demodulator [11-14}. 1t was recently reported that the combination of
frequency offset to residual CD at the receiver incurs a greater penalty than the sum of the two
depradations {17} because of the combination of phase degradations. Figure 6 illustrates the
frequency offset penalty with 140ps/mm of CD for different values of bit-delay mismatch The
baseline curve with no CD 13 similar to previousiy reported results {11-14] but we used RZ-
DPSK and calculated the OSNR penalty at BER 107, A 0.5dB penalty is incurred when the
frequency of the signal is offset from the fransmission peak of the DLI by about 4% of the
bitrate m back-to-back demodulation. The OSNR penalty coming from CD [16] has been
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subtracted from Fig. 6 such that only the frequency offset penalty is shown so as o more
clearty visualize the OSNR penalty stemming from the combinarion of CD and frequency
offset. With 140ps/mun of €D, the frequency offset penalty alone doubles. Again the total
OSNR penalty would also mcorporate the CD penalty.

If the bit delay mesmaich 15 greater than I-bit delay, Fig. 6 illustrates that the penalty of
combimng CD and frequency offset is finther mcreased. For a mismatch of +10% the
frequency offset penalty climbs from 0.5dB at 4% offset to a very significant 2dB penalty.
The penalty for a 4% offset, is 1.5dB for a perfect one bit defav but reduced to about 1 dB for
a -15% mismatch.

12
e +10% Uelay Mismatch
s N Dopltay Mismatch
L | R 5% Delay Mismatch
——e—=10% Delay Mismaich
§ || oo==aa8% Delay Mismateh
— No CD. No Delay Mismatch

OSNR Penalty
@ BER=10.3 (dB)
o

F-N

...... e o psitm . Mismatch

2 4 8 B8 10
Frequency Offset (% bit rate)
Fig. 6. Combination of fequency offset and CD with the CD penalty subtracted out. Optimized
bit-delay mismatch compensates for some of the increased penalfy inouwrred by the combination
without reaching the no-CD fevel.

Unlike in the CD case, the combination of PMD with frequency offset does not yield an
mereased penalty when the signal is not centered on the transmission frequency of the DLL
Since partial bit delay demodulation has hitle effect on PMD tolerance, its effect on the
combmation of frequency offset and PMD also has liftle effect.

4. Conclusion

We presented the optimization of the btat delay mismatch in RZ-DPSK demodulation in the
presence of chromatic dispersion. We showed that by offsetting the FSR of the DLI to obtamn
partial bit delay in the demodulator, CD tolerance is increased with no adverse effect on the
PMD tolerance or frequency offset penalty. We find that up to 1dB increase in receiver
sensitivity with a 12.5 % increase in CD tolerance is possible. We show a 0.25 dB increase in
recetver sensitivity for PMD impairment demonstrating that the ousmatch is not negatively
affected by PMD. The optunal delay nusmatch scales with €D and PMD.
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Chromatic dispersion tolerance in optimized

NRZ-, RZ- and CSRZ-DPSK demodulation
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Abstract: We preseut the results of a comprehensive analysis optimizing
the performance of DPSK systems with increased FSR and narrow optical
filtering, establishing improved chromatic dispersion tolerance of NRZ-
DPSK by 20%, RZ-DPSK by 71% and CSRZ-DPSK by 74%
approximately. Transmitting a 40Gb/s signals on a spectrally efficient
S0GHz DWDM grid still exhiubit improvements of 7% for NRZ-DPSK, 37%
for RZ-DPSK and 22% for CSRZ DPSK, relative to a tvpical DPSK
recetver. The optimized delay and optical filtering scale with the amount of
chromatic dispersion. We also demonstrate the smpact of lunited transmitter
bandwidth on optimal optical filtering and bit delay parameters.
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1. Introduction

Differential phase shift keying (DPSK) in its variants, such as non-refurn-to-zero (NRZ-},
refurni-to-zero {RZ-) and carrier-supprassed- refurn-to-zero (CSRZ-) DPSK, is becoming one
of the formats of choice i next generation optical commumication systems {1, 2] DPSK 15
usually demodulated in a delay-line interferometer with & one-bit delay such that the phases of
two adjacent bits are compared during the enfire bit time [3-5]. It was recently shown that
free-spectral-range (FSR) optumization can wncrease optical filtening {OF) or CD tolerance for
RZ-and NRZ-DPSK {6-9] Although quite convincing, those results fail to wdentify the
optimal value of FSR value versus CD. H was alse mentioned in [6-8] that transmitter
bandwidth has an impact of optimal FSR parameter but only for NRZ-DPSK and the specific
mnpact and requirements are vef to be fully explored. Most importantly there has been liitle
discussion on the combined effect of FSR optunization and tight OF on the increase of CD
tolerances.

In this paper we report a comprehensive analysis of the parameter space of OF bandwidih
and FSR for the NRZ-, RZ- and CSRZ-DPSK formats, establishing that simulraneous FSR
and OF optunization significanily mmproves CD tolerances. The resulis can be used as
guidelines i designing DPSK recetvers according fo the maximam amount of chromatic
dispersion allowed i the system. The spectfic mmpact of transmutter bandwidth on the
optimized FSR and OF parameters is also presented. Finally, we show the impact OF and FSR
optimzation on DWDM DPSK systems wath high channel density.

FSRM=12 FSRR=1 NeMOWOR,.. o repm=12 rsmms=1

H
H
]
H
]
§
¥
5

2R 2R R R R R 3R IR AR 3R R OB B OR IR W
2 2 2
Constructive Port Destructive Bort

Fig. 1. DPSK spectrum with overlaved tramsfer functions for ophical filtering and
delay-tine interferometer. Free-spectral-range larger than the binate and tighter optical
filtering puts a greater emphasis oa the optical ducbinary {ODB) port {constructive)
rather than the alternate- mark-inversion port {(destructive).

2. Principle of operation

The optimisation obtained through increasing the FSR of the Delay Interferometer (DI} can be
explained using the equivalent baseband model detailed in {10], representing the DPSK link
as two parallel paths with Transfer Functions (TF) given in our modified notation by the

product H,(f) = Hy (/Y Hp()H,(F)H.(f) of the TF H,(f) of the Transmitter (TX)
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pulse-carver, the fiber dispersion H {f), the OF H (/) and the TFs describing the DI
propagation to the constructive (ODB) / destructive (AMI) DI porfs:

H(f)=|exp(~j2xf/FSR)£1]/2

H
a1, () =cos? (£ ) FSR)/ 4

@
\H_(N[ =sin® (xf/FSR)/ 4

®

The benefit of taking FSR>R , (wmith R =T} tthe bitrate} 15 then inferpreted as an
equalization measure; by reducing the OF bandwidth (BW} we improve the CD tolerance and

reduce ASE noise, however thus mn itself would introduce ISI. which 1s subsequently equalized
by increasing the FSR of the filters in (1) as shown i Fig 1. The enhanced BW filters (1) then

act as equalizers for the other TFs m the cham H; (/). While the ASE notse reduction due to

tighter optical filtering is undone to some extent by the noise enhancement through the
enhanced BW equalizers (1), an smprovement in CD folerance is aclhieved: Up to f =+FSg:2
the ODB port TF (2) is low-pass, while the AMI port TF (3} 15 high-pass, accentuating the
frequencies farther away from the optical carrier, resulting in emphasis of CD. Increasing the
FSR, both TFs are horizontally stretched, on one hand reducing the rolloff of {2) which
becomes less of a low-pass, making up for {partially equalizmg)} the increased rolloff of the
tight OF, hence mitigating the ISI induced by the tight OF. On the other hand, stretching the
high-pass TF (3} reduces its “rollup” making it less of a highpass, hence dimmnishing the
emphasis of CD at the AMI port. Thus has similarities with biasing the phofocurrent imbalance
to favor the ODB port, as was demonstrated in [7].

3. Numerical modei

Sumulations were performed for a C-band Pseudo random binary signal {PRBS} DPSK signals
at bitrate R, modulated with a Mach-Zehnder modulator (MZM) with 204B of extinction ratio.
The RZ- and CSRZ-DPSK signals were generated using a second MZM driven by a R 2
clock with a ¥ drive voltage for CSRZ-BPSK and R clock with P drive voltage for RZ-
DPSK. At the receiver, the signal was filtered through a 2* order Gaussian OF and
demodulated 1n an MZ delayline interferometer (DLI). Balanced detection was followed by
¥R 4% order Bessel electrical filter. The bit error rate (BER) was estimated by means of a
Karhunen-I oeve expansion for non-Gaussian noise statistics, with 1024 simmlated bits at 64
samples per bit in a sunulation BW of 258 The OSNR in 0.1 nm was set using OSNR =
10log(R) dB corresponding to 10, 16 and 20 dB of OSNR at 10, 40 and 100 Gb/s respectively.
The CD was varied from 0 to 272 in normalized units of 10° (Gb/s)® psinm using
CD, =RLD [10] where L is the fiber ienpth and D the CD in ps/nmvkm. The Q parameter
was calculated from the BER value as in [3, 7] using O = 20log~2erfc™ (2BER), with
erfc’ the inverse complementary error function.

4. Results

Sumilarty to what has been reported elsewhere, we find that the optimal OF for NRZ-, RZ-
and CSRZ-DPSK for a one-bit back-to-back demodulation fo be around 1.25R for NRZ-,
1.75R for RZ- and 1.8 R for CSRZ-DPSK. The optimal FSR varies over the OF BWs but 1s
also very dependent on CD. The results indicate that either tighter optical filtering or larger
FSR tends to increase CD tolerance but their combination leads to optimal CD performance.
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For RZ-DPSK with optimal OF, the optinal FSR/R value is 1 as was poted in [4]. With
tighter filtering, larger FSR yields befter performance. Figure 2 illustrates the dramatic impact
of optimizing the FSR and OF in the presence of CD. For 0 €D, by drawing a line on the
coutour plot at OF 1.75R, 0.838R and 0.75R, we obtain results simmlar to [7]. On the 0 CD plot,
the orientation of the contour line for tight optical filtering clearly demonstrate the effect of
increasing the FSR. The advantage of having complete results shown as contour plet is that it
provides the penalty curve for a wide range of OF bandwidth which is practical if optimal OF
bandwidth is not possible.

@y %
27 PR A

gy

Optical Filter Bandwidth /R
Optical Filter Bandwidth /R

Optical Filter Bandwidth /R

Oprtical Filter Bandwidth /R

P T T R
FSR/R
Fig 2. RZ-DPSK Q-factor versus free speciral range and optical filtering bapdwidih for CD index
of 2} 0, b) 54, ¢) 110 and d 218 x10%(Ghis)’ painm

As CD is increased to 54, 110 and 218 x 10° (Glb/s)’ ps/nm, the optimal OF bandwidth
drops dramatically while the opiimal FSR value mereases almost linearly. With optimal
parameters, CD tolerance increases by 71% at 9.8 dBQ as shown in Fig. 3. Using the
normalized values for a 40Gb/s RZ-DPSK signal. the resulfs franslate into an OSNR of 16dB
and residual CD tolerance increase from 74 ps/nm fo 127.5 ps/um.
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Although the improvement may be considered small on an absolute scale, it may be of
great unportance for short distance office to office 40 Gb/s systems which cannot afford
chromatic dispersion compensation.
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Such systems are currently being deploved using the ODB modulation format because of
its high chromatic dispersion tolerances [12]. For dispersion compensated systems, the
method provides an mcrease i tolerances to varying residual CD or improper dispersion slope
compensation. Another interesting observation from the contour plot is that at 110 x 10°
(Gbisy' psinm, if the OF is not reduced, increasing the FSR does not improve D tolerances.

The inpact of optimising the FSR and OF in the presence of CD is also apparent for NRZ-
DPSK as shown in Fig. 4. With optimal parameters, CD tolerance mcreases by 20% as
dlustrated in Fig. 3. For 2 40Gb/s signal 1t translates into residual CD tolerance increase from
118 ps/nm to 142 ps/nm. For CSRZ-DPSK, the same phenomenon is observed as illustrated in
Fig5. With optimal parameters, CD tolerance mcreases by 74% as illustrated m Fig. 3.
Similarly fo RZ-, the contour plots for NRZ- and CSRZ- at 110 x 10’ (Gb/s)” ps/nm show that
if OF bandwidth 15 not reduced, CD tolerances and not improved sipmficantly by increasng
the FSR.
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Fig. 5. CSRZ-DPSK Q-factor versus fiee speciral range and optical filtering bandwidth for CD
index of a} 0. b) 54, ¢} 110 and d) 218 x16%Ghisy psiom.
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The optinal values of FSR and OF can be selected depending on the amount of CD in the
system. As shown in Fig. 6, OF BW values for RZ- and CSRZ- drop drastically for 0 to 100 x
10° (Gb/s)* psinm CD index. For the three formats, the OF BW then decreases linearly with
CD index. The optimal FSR increases with CD as shown in Fig. 6. Interestingly, the optimal

»2e=x NRZ- OBF/R
. csRrz. @ Opfical filler seoesmins 7 . FRRIR
1.8 14 -~ bandwidth f bitrate xax== RZ. OBFR
N o, mmanemCSRZ - FERIR
E 186 R2> v wunn s CERZ- OBFIR
i s FSR / bitrate
£
o314 %, a
x ", \
1.2 NRZ K
O
1
0.8 :

L)

50 100 150 200 250
CD Index (10? (Gbrs)? psinm)

Fig. 6. Optimized values of optical filtering {OF) and free spectral range (FSR} normalized cver
bitrate for RZ-, NRZ-aud CSRZ- DPSK optimized Q factor (with both OF and FSK are optimized
simultaneously). But chooung OF and FSR parameters optisnized for a specific amownt of CD
yields only a small peanity which effectively flattens the curve of penalty versus CD whick can be
very beneficia! in 2 DPSK system.

FSR/R value for NRZ-DPSK is not umty even in the absence of CD as was also shown in [8].

Tunable bandwidth optical filter and tunable FSR interferometer are not readily available
or easily integrated m a DPSK receiver. Fortunately the results of Figs. 2-6 do not indicate
that a tunable solution is requred to properly demodulate a DPSK signal. By choosing the
FSR and OF parameters for a specific amount of CD, the pemlty without CD is not
sipnificant. For example in Fig. 2 for RZ-DPSK at 218 x10°(Gb/s)” ps/nm of CD, the optimal
parameters are OF/R=0.9 and FSR/R=1.25 as shown in Fig. 5. Usmng those values for zero CD
gives a  of 11.8dB for an msipnificant penalty 1.2dBQ. Alternatively, using a standard 1.75
OF/R and 1 FSR/R which would be optimized for back-to-back demodulanon would mcur a
penalty preater than 5dBQ and 3 Q smatller than 5dBQ for 218 x10%(Gb/s)’ ps/nm of CD.
Choosing OF bandwidth and FSR optimized for the maximum CD tolerances, effectively
flattens the penalty curve versus CD which can be very beneficial in a system. The conclusion
15 not however that CD compensation will no longer be required in all types of DPSK
networks. The increased CD tolerances could reduce the requirements on accuracy, ead of hife
requiremnents or group delay ripple for fixed or funable CD compeunsators in networks with
large amount of CD or with significant fime-varying CD.

5. Channel spacing and transmitter bandwidth

It was remarked i [8] that FSR optinzation enables muimimizing channel spacing in DWDM
systems. To quantify this benefit, we ran smmulations observing the center channel m five
independent DWDM channels separated in frequency by 1.25R and pre-filtered before
multiplexing with FSR and OF values re-optimized to maximize the Q-factor at the recerver.
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Fig. 7. Effect of modulator bandwidth on FSR and OF optimization in: back to back detection for 1)
RZ- by KRZ, and ¢y CSRZ- for 0.75R (lef) and 0. 3R{right) modulator bandwidth.

The results shown in Fig. 3 indicate that all three DPSK formats wath optimized FSR and
OF using 1.25R channel spacing, outperform a single non-optimuzed chaunel. The CD
tolerance using a 40Gb/s DWDM system with 50GHz channel spacing with 16dB of OSNR 1s
increased by 37% for RZ-DPSK, 7% for NRZ-DPSK and 22% for CSRZ-DPSK, relative to a
single channel with non-optimized demodulation.

Finally, as was noted by [7, 8], transnutter bandwidth impacts the optimal FSR for NRZ-
DPSK. We thoroughly studied this effect for three DPSK formats with ¢.75R and O.5R
modulator and modulator driver BW and found that this effect 1 also true for RZ-DPSK. The
results presented in: Fig. 7 indicate that when comparing with the 0-CD contour plots of Fig. 2,
4 and 5, reducing the optical filtering and increasing the FSR improves performance of a
lower BW transmitter. The results open the potential of using lower bandwidth electronic
components, for example using 10Gb/s modulators and drivers, for 20Gb/s DPSK
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transiission [13]. The smaller transmitter bandwidth provides a narrower spectruun and the
penalty is somewhat compensated by using an optimized FSR and OF bandwadth. The penalty
1s only 1dBQ for RZ-DPSK and 0.8 dB(Q for NRZ-DPSK. Interestingly, CSRZ-DPSK 1s not
unproved when using a larger FSR or narrower OF filtermg bandwidth. Nevertheless, the
method could enable lower-cost transponders with substantial improvements in CD folerance
by combming larger FSR, narrow optical filter and smaller transmatter bandwidths.

8. Conclusion

We reported a comprehensive analysis of the parameter space of OF bandwidth and FSR for
the NRZ-, RZ- and CSRZ-DPSK formats, establishing that simmuitaneous FSR and OF
optimization sigmficantly improves CD tolerances. The results can be used as guidelinies in
designing DPSK receivers according to the maximum amount of chromatic dispersion
allowed m the system. The specific impact of transmutter bandwidth on the optunized FSR
and OF parameters Is also presented. Finally, we show the impact OF and FSR optimization
on DWDM DPSK systems with high channel density.
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