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palavras-chave 
 

Interferómetro Mach-Zehnder baseado em amplificadores ópticos de 
semicondutor (MZI-SOA), conversão de comprimento de onda, conversão de 
formato, processamento óptico, compressão e descompressão de pacotes, 
comutação temporal, diafonia com sinais distorcidos. 
 

resumo 
 

Este trabalho surge do interesse em substituir os nós de rede óptica baseados 
maioritariamente em electrónica por nós de rede baseados em tecnologia 
óptica. Espera-se que a tecnologia óptica permita maiores débitos binários na 
rede, maior transparência e maior eficiência através de novos paradigmas de 
comutação. Segundo esta visão, utilizou-se o MZI-SOA, um dispositivo
semicondutor integrado hibridamente, para realizar funcionalidades de 
processamento óptico de sinal necessárias em nós de redes ópticas de nova 
geração. 
Nas novas redes ópticas são utilizados formatos de modulação avançados, 
com gestão da fase, pelo que foi estudado experimentalmente e por simulação 
o impacto da utilização destes formatos no desempenho do MZI-SOA na 
conversão de comprimento de onda e formato, em várias condições de 
operação. Foram derivadas regras de utilização para funcionamento óptimo. 
Foi também estudado o impacto da forma dos pulsos do sinal no desempenho
do dispositivo. 
De seguida, o MZI-SOA foi utilizado para realizar funcionalidades temporais ao 
nível do bit e do pacote. Foi investigada a operação de um conversor de 
multiplexagem por divisão no comprimento de onda para multiplexagem por 
divisão temporal óptica, experimentalmente e por simulação, e de um 
compressor e descompressor de pacotes, por simulação. Para este último, foi 
investigada a operação com o MZI-SOA baseado em amplificadores ópticos de 
semicondutor com geometria de poço quântico e ponto quântico. Foi também 
realizado experimentalmente um permutador de intervalos temporais que 
explora o MZI-SOA como conversor de comprimento de onda e usa um banco 
de linhas de atraso ópticas para introduzir no sinal um atraso seleccionável. 
Por fim, foi estudado analiticamente, experimentalmente e por simulação o 
impacto de diafonia em redes ópticas em diversas situações. Extendeu-se um 
modelo analítico de cálculo de desempenho para contemplar sinais distorcidos 
e afectados por diafonia. Estudou-se o caso de sinais muito filtrados e 
afectados por diafonia e mostrou-se que, para determinar correctamente as 
penalidades que ocorrem, ambos os efeitos devem ser considerados 
simultaneamente e não em separado. Foi estudada a escalabilidade limitada 
por diafonia de um comutador de intervalos temporais baseado em MZI-SOA a 
operar como comutador espacial. Mostrou-se também que sinais afectados 
fortemente por não-linearidades podem causar penalidades de diafonia mais 
elevadas do que sinais não afectados por não-linearidades. 
Neste trabalho foi demonstrado que o MZI-SOA permite construir vários e 
pertinentes circuitos ópticos, funcionando como bloco fundamental de 
construção, tendo sido o seu desempenho analisado, desde o nível de 
componente até ao nível de sistema. Tendo em conta as vantagens e 
desvantagens do MZI-SOA e os desenvolvimentos recentes de outras 
tecnologias, foram sugeridos tópicos de investigação com o intuito de evoluir 
para as redes ópticas de nova geração. 

  
 



 

 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

  

keywords 
 

Mach-Zehnder interferometer based on semiconductor optical amplifiers (MZI-
SOA), wavelength conversion, format conversion, optical processing, packet 
compression and decompression, time slot interchanging, crosstalk and 
distorted signals. 
 

abstract 
 

The main motivation for this work is the desire to upgrade today’s opaque
network nodes, which are plagued by inherent limitations of its constitutive 
electronics, by all-optical transparent network nodes. The all-optical promise 
consists in delivering ever higher bit rates, more transparency, and
unsurpassed efficiency associated to sophisticated all-optical switching 
paradigms. In this light, the integrated MZI-SOA has been selected as the 
fundamental building block for this investigation of all-optical processing 
techniques and functions necessary for developing the next generation all-
optical networks. 
Next generation optical networks will use advanced phase-managed 
modulation formats. Accordingly, the first simulation and experimental 
investigation assesses the performance of MZI-SOA based wavelength and 
format converter circuits for advanced modulation formats. Rules are derived 
for ensuring optimal MZI-SOA operation. The impact of the pulse shape on 
both the wavelength and format conversion processes is also addressed. 
More complex MZI-SOA based implementations of bit-level, and packet-level, 
time domain processing functions are analysed. A MZI-SOA based wavelength 
division multiplexing to time division multiplexing converter is experimentally 
investigated and compared to similar simulation results. The performance of 
packet compressor and decompressor circuit schemes, based on quantum well 
and quantum dots SOA devices, is analysed through simulation techniques. A 
MZI-SOA wavelength converter based selectable packet delay time slot 
interchanger, which uses an optical delay line bank, is experimentally 
demonstrated. 
Finally, the impact of crosstalk on all-optical networks is studied analytically, 
experimentally, and through simulations. An extant analytical model for 
assessing the performance of crosstalk impaired signals is improved for dealing 
also with distorted signals. Using the extended model, it is shown that heavily 
filtered signals are more seriously affected by crosstalk than unfiltered signals. 
Hence, accurate calculation of penalties stemming from both filtering and 
crosstalk, must model these effects jointly. The crosstalk limited scalability of a 
MZI-SOA space switched time slot interchanger is also assessed employing 
this method. An additional study points to the conclusion that crosstalk caused 
by signals impaired by non-linear effects can have a more significant 
detrimental impact on optical systems performance than that of the crosstalk 
caused by a signal unimpaired by non-linearities. 
On the whole, it has been demonstrated that the MZI-SOA is a suitable building 
block for a variety of optical processing circuits required for the next generation 
optical networks. Its performance capabilities have been established in several 
optical circuits, from the component up to the system level. Next steps towards 
the implementation of next generation optical networks have been suggested 
according to the recent developments and the MZI-SOA’s strengths and 
drawbacks, in order to pursue the goal of higher bit rate, more transparent, and
efficient optical networks. 
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Chapter 1 Introduction 
 

1.1 Context 

 

The advent of digital telecommunications has been preponderant in the recent 

history of Humanity. The International Telecommunications Union has estimated that in 

2008 there were 61 mobile phone subscriptions per 100 inhabitants in the world, while 

23% of the world’s population used the Internet and 11% had a broadband connection [1]. 

We have now grown to be used to being connected anywhere, anytime and with large 

enough bandwidth to access our email, to browse the web, to chat over an instant 

messaging service, to make a phone call, to listen or watch an audio or video stream, 

among several other services the Internet provides us with. The user content generated 

websites, such as blogs, video hosting sites, online marketplaces and also social 

networking sites, have changed the way we use the Internet, since everyone can very easily 

publish personal content online and make it available to a very large number of people. 

One other major use of the internet is file sharing, namely through peer-to-peer 

applications. All this variety of services has rendered the Internet as almost indispensable 

for the regular daily life. 

As a consequence of the Internet, traffic in telecommunications networks has 

changed from being mainly local and low bandwidth intensive to world wide and large 

bandwidth consuming. Telecommunication service providers have to deliver an 

increasingly larger amount of bandwidth, either wired or wirelessly, at a low price to the 

end user. As a result, telecommunication system vendors have nowadays the challenge of 

providing networks that have high transmission capacity, are simple to set up and operate, 

support a multitude of network services, are flexible, reliable and fault tolerant, and all this 

at a low cost per transmitted bit. Moreover, energy consumption is becoming a key factor 

when operators pick the supplying vendor, for both cost and environmental impact reasons. 

It is foreseen that the current technology, based on electrical processing, of network 

nodes is not scalable at the present rate of growth of bandwidth demand [2]. In fact, router 

capacity has been growing 2-fold every 18 months, just barely enough to keep up with the 
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4-fold traffic demand increase over three years of AT&T, one of the largest network 

operators in the world [3]. Optical technology seems to alleviate the electronic processing 

limitations, enabling more scalable network nodes. However, optical technology 

performance is not yet comparable to its electronic counterpart for system vendors to 

employ it in a commercial system. 

In this context, this Thesis intends to contribute towards implementing the new generation 

of optical networks, by studying all-optical devices and techniques, which hold the promise 

of being the right technology to build larger capacity, more energy efficient, cheaper and 

more transparent optical networks.  

 

1.2 Motivation 

 

The optical fibre is the principal enabler of the large data transmission capacity we 

have today, with reported capacity times distance product of 112×10
15

 km×bit/s [4], 

achieved with 155 wavelength channels at 100 Gb/s over 7200 km. This record represents 

an increase of over seven orders of magnitude over 35 years, since the beginning of optical 

telecommunications [5]. Dense wavelength division multiplexing (DWDM) and time 

domain multiplexing (TDM) are key technologies for achieving such high transmission bit 

rates, of the order of tens of terabits per second. Typically, at the network node, the 

incoming data are converted to the electrical domain, the data headers are processed and 

the data are then forwarded to the correct output port. With a data rate of tens of terabits 

per second per fibre arriving at a network node, it is a hard task for the electronics to 

handle such amount of data due to the limited electronic bandwidth of the order of tens of 

gigabit per second per channel. Therefore, there is a bottleneck effect, where the fibre 

provides very large bandwidth capacity, but at the network nodes there are not enough 

processing capabilities to take advantage of the fibre capacity. 

Despite the very large increase of fibre data transmission capacity and different 

technologies involved, the optical network nodes have always been based in optical-

electrical-optical (OEO) conversion, until the adoption of optical add/drop multiplexers 

(OADM). This was the first optical solution to be adopted, where the traffic is routed in the 

optical domain, on a wavelength basis. The next solutions, which are currently being 

adopted, are the reconfigurable OADM (ROADM) and the optical cross connect (OXC), 
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where the OADM functionality is retained, with the added capability of remotely re-

routing the traffic without local user intervention. Although, the OADM, ROADM and 

OXC provide wavelength routing, neither regeneration nor routing at a finer granularity are 

possible. Therefore, all-optical processing schemes are being proposed to avoid OEO 

conversion and take advantage of the optical processing capabilities. Regeneration, 

wavelength conversion, packet routing, optical TDM, bit-wise logic, and various other 

functions have been demonstrated all-optically, as will be described in detail in the next 

chapter. By and large, all-optical processing is seen to be key in future optical networks. 

All-optical processing functions have been mainly achieved by exploiting non-

linear effects on both fibres and semiconductors. The semiconductor optical amplifier 

(SOA) stands out from other all-optical processing devices since it is integrable, provides 

gain and requires small optical input powers for non-linear operation. Due to the SOA 

integrability, interferometric structures have been proposed, which have stable operation 

when compared to their fibre-based counterparts. The integrated SOA structures allow 

more optical processing functions than the SOA alone, and at a faster bit rate, as will be 

shown in the next chapter. In particular, the Mach-Zehnder interferometer with a SOA in 

each arm (MZI-SOA), and moreover, MZI-SOA integrated arrays have been used to 

demonstrate several all-optical functions at 40 Gb/s. Therefore, both the SOA and the 

MZI-SOA are considered key elements for all-optical processing sub-systems and 

consequently for future generation optical networks. For this reason, the MZI-SOA was 

chosen to be the centrepiece of the optical processing study here presented. 

This Thesis addresses some questions regarding the utilization of all-optical sub-

systems in optical networks that had been unanswered. For instance, long haul optical 

transmission systems are now adopting more advanced modulation formats instead of the 

usual optical on-off keying, either with non return to zero (NRZ) or return to zero (RZ) 

pulses. It is imperative that all-optical circuits are capable of operating with more advanced 

formats, and therefore study on this matter is required. Chapter 3 presents work on this 

topic. Another issue regarding the adoption of all-optical circuits is the scalability of the 

optical devices, since no OEO regeneration occurs in between all optical processing 

blocks, and consequently optical impairments accumulate in each stage. This is particularly 

important if the electronic routers are to be replaced by optical routers. Optical routers will 

have several functional blocks, such as WDM to OTDM converters, packet compressors 
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and decompressors, or time slot interchangers, depending on the network switching 

paradigm. The performance of these optical processing sub-systems is analysed in chapter 

4. 

The issue of optical impairments accumulation is very critical and is relevant even 

to the simplest of optical nodes, the OADM. The OADM, the ROADM, the OXC, and also 

the more advanced all-optical nodes, such as those based on MZI-SOA devices, introduce 

optical crosstalk degrading the optical performance, which is the main subject of chapter 5. 

The impact of crosstalk on optical networks has been extensively studied, but most studies 

analyse the impact of crosstalk considering perfect signal shapes either for the signal being 

degraded, or the signal causing the degradation. However, in a real network, both the 

signals that are impaired by crosstalk and the signals that cause crosstalk are impaired by 

transmission effects, such as chromatic dispersion, non-linear transmission effects, and 

optical filtering. At the end of the transmission link, all impairments are combined, 

resulting in potentially severe degradation of the signal performance. It is not certain that 

the resulting performance penalty can be calculated from the penalty resulting from each of 

the impairments taken separately, and then added together for a combined effect 

assessment. As a matter of fact, penalties usually add super-linearly, and the combined 

effects of different impairments should be carefully analysed. 

 

1.3 Thesis objectives and outline  

 

The goal of this Thesis is to contribute to the advancement of optical technology 

enabling the future generations of optical networks. Optical processing is believed to be the 

path to this goal and therefore all-optical devices and circuits were studied for this purpose. 

The MZI-SOA shows very attractive optical processing capabilities and therefore one 

objective is to investigate its optical processing capabilities with more advanced optical 

modulation formats. Sub-systems for processing packets in the time domain, such as time 

slot interchangers (TSI), packet compressors and decompressors based on these devices 

will also play an important role and have been investigated. A characteristic of 

interferometric based optical processing circuits is the crosstalk between outputs, which 

can significantly degrade the performance of the optical signals. In this Thesis the impact 

of crosstalk generated by these devices is analysed and the scalability of optical processing 
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architectures is assessed. Finally, the combined effect of crosstalk with other transmission 

impairments, such as dispersion, non-linear effects and narrow filtering is analysed. 

The following structure in six chapters was adopted to describe the studies: 

This first introductory chapter exposes the social and technological context of the 

Thesis, as well as the motivation and objectives behind the work here presented. It is 

expected to motivate the reader for the next chapters where the deeper and more arduous 

content lies. 

The second chapter introduces the reader to the devices used for all-optical 

processing and, particularly to the SOA and MZI-SOA fundamentals. The state of the art 

of SOA based optical processing, SOA interferometers and, particularly, of MZI-SOA is 

overviewed, whilst contextualizing them in the work presented on the following chapters. 

Additionally, a mathematical model for simulation and performance estimation of these 

devices is briefly explained. 

The third chapter starts off with the experimental characterization of MZI-SOA 

devices. The mathematical methods, together with the experimental characterisation data, 

provide the starting point for obtaining results on the advanced format conversion in the 

MZI-SOA. Experimental and simulation results are given for wavelength and format 

conversion using the MZI-SOA, and rules of operation are derived. 

In the fourth chapter, the MZI-SOA is used in time domain processing circuits by 

making extensive use of wavelength conversion. An all-optical multi-format converter and 

time multiplexer is proposed and its performance is investigated. Then, MZI-SOA based 

optical packet compressor and decompressor circuits for phase shift keyed modulated 

packets are analysed. In this simulation study, the cascadability of the packet compressor 

and decompressor pair and the operating margins of some their parameters are assessed. 

The use of phase modulated packets imposes constraints on the optical circuits that are also 

addressed in this chapter. Finally, a time slot interchanger is presented based on the MZI-

SOA acting as a wavelength converter and a bank of optical delay lines that are addressed 

by the wavelength. Experimental results on the performance of this architecture are 

presented. 

The fifth chapter concerns itself with the impact of optical crosstalk in some optical 

network scenarios. A computationally fast method for estimating the bit error rate of a 

signal impaired by distortion, amplified stimulated emission noise, and in-band crosstalk, 
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is presented and compared to semi-analytical, and Monte Carlo simulations, as well as with 

experimental results. This method along with both semi-analytical and experimental 

methods are then used to estimate the performance of an optical signal impaired by 

crosstalk and transmission effects such as chromatic dispersion, non-linear effects, and 

both narrow optical and electrical filtering. Then, a crosstalk-impaired MZI-SOA based 

time slot interchanger switching unit architecture is analysed. The scalability of the 

architecture which is limited by optical crosstalk is investigated numerically, and an 

improved architecture is proposed to mitigate the crosstalk. Finally, the scenario where the 

signal that causes the crosstalk is itself impaired by transmission effects is considered, and 

its impact on the network performance is analysed. 

The main conclusions of the work are summarised in the final chapter. Future work 

following from the work presented in the Thesis is also suggested in the concluding 

paragraphs. 

The bibliographic references are listed at the end of each chapter. 

 

1.4 Main contributions 

 

This work has been performed within a PhD programme in an industrial 

environment at Nokia Siemens Networks Portugal, S.A. (NSN) (formerly Siemens, S.A.) 

in the optical research group. NSN is a global company offering telecommunication 

solutions for operators. The PhD programme in partnership with a company presents an 

additional challenge which is to do research with the ultimate goal of incorporating 

resulting knowledge in a product. As a system integrator, NSN is particularly interested in 

research that might yield more efficient and cost effective networks. This goal has clearly 

been present throughout the work, which has motivated a research path starting at the 

component level, the MZI-SOA device, leading up to a sub-system level and finally to a 

network level, justifying the layout of this Thesis, as described in section 1.3. A 

consequence of the immersion of this work within an industrial context has resulted in 

scientific knowledge and in intellectual property in the form of patents, both of benefit to 

the company. 

Some of the work was developed within the European Union Framework 

Programme 6 project IST-2-004222, called Multi-Functional Integrated Arrays of 
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Interferometric Switches (MUFINS). The MUFINS project aimed to develop MZI-SOA 

devices that can be used as a basic building block for larger and more complex optical 

processing circuits. It is shown in this project that the MZI-SOA gates, when properly 

combined together, are suitable for a vast number of different useful applications in 

telecommunications, logics and computing. Within the framework of this project, a joint 

experiment with the National Technical University of Athens was done to demonstrate the 

time slot interchanger functionality based on MZI-SOA gates. The results of this 

collaboration are presented in section 4.4. 

During the work performed within the PhD programme, a total of two international 

patent applications [6, 7], one technical report [8], and three magazine [9, 10, 11] and nine 

conference proceedings publications [12, 13, 14, 15, 16, 17, 18, 19, 20] were achieved. The 

main scientific contributions that have arisen from the PhD programme are the following: 

Experimental demonstration based on a 40 Gb/s MZI-SOA of a) wavelength 

conversion of a NRZ signal, b) optical format conversion of a CS-RZ and NRZ signal to 

RZ, and c) CS-RZ wavelength conversion using an additional electro-optic modulator [14]. 

Demonstration of an experimental MZI-SOA based format converter to short pulses 

and time domain multiplexer from 40 Gb/s to 120 Gb/s [16]. 

Numerical study of the scalability of two time slot interchanger architectures based 

on MZI-SOA switching elements [13].  

Experimental implementation of a multi stage time slot interchanger based on 

wavelength conversion with MZI-SOA, at 10 Gb/s [18].  

Demonstration of a MZI-SOA based all-optical packet compressor and 

decompressor for phase modulated packets and study of their cascadability, for 

compression from 10 to 40 Gb/s and from 40 Gb/s to 160 Gb/s, and subsequent 

decompression [15]. 

Study of the phase requirements of the compressor and decompressor circuits 

arising from the use of phase modulated packets, instead of amplitude modulated packets. 

Development of a novel computationally fast method for estimating the bit error 

rate of a signal impaired by optical in-band crosstalk, amplified spontaneous emission 

noise and shape distortion [10]. 
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Study of the combined effect of crosstalk, chromatic dispersion, self-phase 

modulation, and both optical and electrical narrow filtering, on the signal performance 

[10]. 

Study of the crosstalk penalties when the crosstalk signal itself is impaired by 

optical filtering, chromatic dispersion, and self-phase modulation [12, 9]. 

Additionally, one magazine [11] and three conference proceedings [17, 19, 20] 

publications, in authorship or co-authorship, have also resulted from related work. 
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Chapter 2 Optical processing devices, optical 
systems, and their modelling 

 

This chapter describes the state of the art of all-optical processing with MZI-SOA 

devices, and contextualizes the work presented in the following chapters within the extant 

scientific literature. This chapter overviews all-optical processing devices, with an 

emphasis on the SOA. Its basic operation is described, and more complex SOA based all-

optical processing devices, are also reviewed, including the MZI-SOA which stands out for 

its compactness and versatility. Next, several optical processing functions based on the 

MZI-SOA are presented. Finally, SOA and MZI-SOA mathematical models are described, 

for modelling the performance of more complex SOA and MZI-SOA based all-optical 

circuits. 

 

2.1 All-optical processing devices 

 

Optical processing is generally understood as the manipulation of the 

characteristics of a light signal, whereas all-optical signal processing consists in 

manipulating the characteristics of a light beam (probe) by means of another optical signal 

(pump). Light modulation by an electro-optic modulator, or light steering by micro-electro-

mechanical systems (MEMS) are examples of optical processing, but not of all-optical 

processing, since both the modulator and the MEMS are controlled by electrical signals. 

On the other hand, wavelength conversion in a non-linear optical fibre, or clock recovery 

in a mode-locked laser, are both examples of all-optical processing since only optical 

signals are involved. 

All-optical processing is seen as a key technology for next generation optical 

communication networks [1, 2, 3, 4]. Several authors have highlighted the limited 

scalability of the current electronic switching paradigm which may be unable to cope with 

a continued exponential traffic growth [1, 2, 3]. Router size and energy consumption will 

become unacceptably large if the current technology is employed to extend routers 

capacity to the 100 Tb/s range [5, 2]. In fact, the internet energy consumption was 
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currently estimated to be about 0.4% of the total energy consumption in broadband enabled 

countries [1]. All-optical processing will enable moving away from the current electric 

packet switching and forwarding network paradigm, towards optical switching which 

provides better scalability and less energy consumption [2, 3, 4]. All-optical processing 

network nodes have the further advantage of a reduced latency, when compared to their 

digital electronic counterparts. 

Ultimately, one would like to develop an optical transistor, i.e., the optical domain 

counterpart of the electronic transistor, for building all-optical networks. The optical 

transistor would enable the design of large integrated optical circuits capable of performing 

complex operations at the network nodes, such as regeneration, header recognition, 

routing, etc., mimicking the impact of electronic VLSI circuits in today’s network nodes. 

The relevant characteristics of a suitable transistor are its size, compactness, switching 

energy, switching time, wavelength range, and cost [7]. The size, compactness, and cost 

factors, as in electronics, highlight the importance of the integrability of all-optical devices. 

This is one crucial advantage of the SOA relatively to other non-integrable all-optical 

processing devices. 

Several suitable types of devices exist for all-optical processing. Among them are 

fibre based devices, where 1 m to 1000 m spans of optical fibre are used for optical 

processing via the Kerr effect. Although very small lengths of fibre have been used in 

optical processing [8], tens or even hundreds of meters of fibre are used more often. 

However, even the shortest pieces of fibre, are still considered too bulky for building all-

optical sub-systems, and are not integrable [4]. Therefore, several alternative devices have 

been developed with smaller form factors based on material waveguides, which are 

potentially integrable. Several materials exhibit strong enough non-linearity with respect to 

the optical input power for performing optical processing, which only require short 

waveguides of only a few millimetres or centimetres in length for the non-linear effects to 

become significant. Such devices are based on photonic crystals [9], chalcogenide glass 

[10], and silicon [11], among other materials. A list of a few materials for nonlinear 

processing can be found in reference [12]. Although showing promising processing 

capabilities, they are still very immature and, consequently, only a few processing 

capabilities have been demonstrated. Semiconductor devices share with the passive 
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waveguides, the advantage of being integrable, but have the additional advantages of 

providing gain to the input optical signal and requiring lower input signal powers. 

The SOA is rightfully regarded as one of the most promising all-optical processing 

devices for future optical networks [4, 13], and, consequently, has been selected for 

carrying out the investigation on all-optical processing described in this Thesis. 

 

2.2 The SOA 

 

The SOA is an optoelectronic device, which under suitable conditions can amplify 

an input light signal, as defined by Connelly [14]. Several commercial SOAs are currently 

available [15, 16, 17, 18, 19, 20], for various applications, both for the 1300 nm and 1550 

nm bands. These SOAs can provide large gain, and exhibit high saturation power, low 

polarization gain dependence, and moderate noise figures. Due to its amplifying capability, 

the SOA has also been used as an optical amplifier, in addition to a non-linear processing 

device. Table 2-1 presents a comparison of typical SOA and erbium doped fibre amplifier 

(EDFA) characteristics. 

 

Table 2-1 Comparison of typical Erbium doped fibre amplifier (EDFA) and SOA characteristics, from [14] 

with updates from [4]. 

Feature EDFA SOA 

Maximum internal gain (dB) 

Insertion loss (dB) 

Polarization sensitivity 

Pump source 

3 dB gain bandwidth (nm)  

Non-linear effects 

Recovery time of gain compression 

Saturation output power (dBm) 

Noise figure (dB) 

Integrated circuit compatible? 

Functional device possibility? 

30-50 

0.1 - 2 

No 

Optical 

30 

Negligible 

100 µs 

15-30 

3 – 5 

No 

No 

30 

6 – 10 

Weak (< 2 dB) 

Electrical 

30 – 50 

Yes 

1- 10
3
 ps 

5-20 

6 – 12 

Yes 

Yes 

 

The basic SOA structure is depicted in Fig. 2.1. It consists of an optical 

semiconductor waveguide for confining the light to a given region. When an electric 

current is applied to the semiconductor, the conduction band carriers are excited and 

electron-hole pairs are formed, as illustrated in Fig. 2.2. When the electron-hole pairs 

recombine due to stimulated emission, the input light pulse is amplified. Unfortunately, 
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there is also recombination of electron-hole pairs through spontaneous emission, in which 

case a noise photon is added to the signal. Further amplification of spontaneous emission 

photons leads to noise being added to the signal, referred to as amplified spontaneous 

emission (ASE) noise. 

Input facet

Output facet

Electrical

current

Output signal

and noise

Input signal

Active region

and waveguide

 

Fig. 2.1 SOA structure schematics. 

 

hole

electron
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Spontaneous

emission

Signal amplification Noise addition  

Fig. 2.2 Stimulated and spontaneous emission in a two level system. 

 

Other important phenomena affect the signal amplification. When the power of the 

signal travelling inside the SOA becomes too high, a significant number of electron-hole 

pairs are recombined and the number of electron-hole pairs can become depleted. When 

that happens, stimulated emission and signal amplification cannot proceed, as there are not 

enough electron-hole pairs to recombine. The SOA becomes saturated, its gain is reduced, 

and consequently the output optical signal power remains constant even if the input power 

is increased. Fig. 2.3 shows the typical SOA steady-state gain saturation curve as a 

function of the output signal power. When the output signal power depends in a non-linear 

way on the input power of the same signal, i.e., when the input signal is causing gain 
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variations, the phenomenon is called self gain modulation (SGM). However, when the 

SOA gain is depleted, due to electron-hole pair recombination, the optical medium density 

changes and, as a consequence of the Kramers-Kronig relations, so does the refractive 

index. The refractive index dependence on the output signal power is also depicted in Fig. 

2.3. Since the refraction index of the material changes, the signal amplitude variation also 

causes a change in the signal phase. Similarly to the SGM case, this phenomenon is called 

self phase modulation (SPM). Both phenomena enable one signal to modulate itself when 

travelling inside a SOA and can be used to perform non-linear processing [21]. The same 

principle can be used to modulate the amplitude and phase of another secondary signal, 

called probe, inside the SOA, if the wavelength of the latter signal is within the range of 

influence of the gain reduction and phase change caused by the first (pump) signal. Hence, 

the probe signal experiences both cross gain modulation (XGM) and cross phase 

modulation (XPM). 

G
ai

n

Output signal power

R
ef

ra
ct

iv
e

in
d

ex

Output signal power  

Fig. 2.3 Typical gain saturation and refractive index curve of a SOA as a function of the output signal power. 

 

Additionally, when two or three different wavelength signals are present in a SOA, 

new signals appear spaced by the wavelength difference of the incoming signals. This 

effect is called four-wave mixing (FWM) and is due to gain modulation of the incoming 

signals at the beat frequency. 

Another phenomenon occurring in the SOA is the polarization rotation. Since the 

modulation of the refraction index of the SOA depends on the polarization, different 

polarizations will suffer different phase modulations. Hence, a signal travelling inside a 

saturated SOA can have orthogonal polarization directions affected by phase modulation to 

different extents, causing a polarization rotation. When a pump signal is causing 

polarization rotation on a probe signal, the phenomenon is usually called cross polarization 

rotation (XPR). 

A direct application of XGM is wavelength conversion, as depicted in Fig. 2.4. If a 

signal (pump) with high power is input to the SOA, along with a second CW smaller 
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power probe signal, at a different wavelength, the high power mark levels of the first signal 

will cause XGM on the probe and low output power is obtained at the output. Conversely, 

the SOA gain is large during the space levels of the original signal, and large output probe 

power is attained. Therefore, the original data information is converted to the probe 

wavelength, even if inverted. Moreover, the extinction ratio of the output signal is limited 

by the achieved gain compression, which can be unsatisfactory. Due to these drawbacks, 

better performing methods have been devised, particularly those exploiting XPM [22]. 

The setup for wavelength conversion in a SOA using XPM is similar to the setup 

for exploiting XGM, and is shown in Fig. 2.5. The XPM phenomenon by itself does not 

cause any change in the signal amplitude, only in the phase. Therefore, in XPM-based 

wavelength conversion, it is also necessary to convert the phase modulation of the probe at 

the SOA output to an intensity modulation. One way to do this is to use an offset filter at 

the SOA output relatively to the probe wavelength, so that only one side-band is 

transmitted. This side-band alone is an amplitude modulated signal, with the same data 

polarity as the input signal. 
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Fig. 2.4 Wavelength conversion through XGM in a SOA. 

 

The FWM phenomenon can also be exploited to perform wavelength conversion, 

which is depicted in Fig. 2.6. When two different wavelengths are present inside the SOA, 

the gain of the SOA is modulated by the total power of the input signals. The total power 

has one component which is the beating of both input signals. Therefore, the SOA gain is 

modulated at the frequency of the beating between the two input signals. As a 

consequence, new signals appear at the SOA output, at frequencies that are distanced from 
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the input signals by the beating frequency. Again, by filtering only one of these generated 

new frequencies, wavelength conversion of the original signal can be obtained. 
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Fig. 2.5 Wavelength conversion through XPM in a SOA. 
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Fig. 2.6 Wavelength conversion using four-wave mixing in SOA. 

 

The wavelength conversion based on XGM and XPM has the advantage over the 

FWM conversion method that the output signal wavelength is the wavelength of the probe, 

whereas the FWM creates a new wavelength. Also, the FWM efficiency is both very low 

and polarization dependent in SOAs. Therefore, XPM and XGM are exploited more often 

than the FWM in SOAs. 

Both the XPM and XGM effects are based on the SOA carrier dynamics and 

therefore the maximum bit rate at which wavelength conversion can be done is limited by 

carrier dynamics characteristics. In the wavelength conversion through XGM, the pump 

signal marks saturate the SOA gain, resulting in a low power state (space) imprinted in the 

probe. As pointed out earlier, wavelength conversion through XGM inverts the data 

polarity. If a zero follows in the input signal bit stream, the SOA gain will recover from 

saturation, and a high power level will show up at the SOA output. However, for large bit 

rates, where the bit period approaches the gain saturation recovery time, the gain will 

recover in the bit slot of the next bit, as illustrated in Fig. 2.7. If the gain recovery time is 
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similar or larger than the bit slot, the gain will not be fully recovered from the previous bit 

and consequently the power values of each bit will be influenced by the previous bits. This 

is known as a patterning effect, and causes the eye diagram of the output signal to have a 

smaller aperture than the input eye diagram, with inevitable penalties. Consequently, the 

maximum bit rate at which both the XGM and XPM based wavelength conversion can be 

performed is limited to the SOA gain recovery time. The typical maximum bit rate of 

XGM based wavelength conversion using a quantum-well SOA is 10 Gb/s to 40 Gb/s [23], 

and 160 Gb/s using a quantum-dot SOA [24]. 

 

SOA
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Fig. 2.7 Wavelength conversion through XGM in a SOA with slow carrier dynamics resulting in patterning 

effects. 

 

2.3 SOA-based devices for optical processing 

 

In the previous section it has been explained how the gain recovery time, which is 

determined by the carrier recovery dynamics, limits the maximum bit rate at which 

wavelength conversion is possible in a SOA. The SOA can be engineered to have faster 

carrier dynamics and hence faster response [25], [26]. However, at some point, the material 

becomes the limiting factor of the carrier dynamics speed [23]. In this situation, either a 

different material must be used, or optical processing methods can be employed to 

countervail this fundamental limitation. As observed earlier, using quantum dots SOAs 

instead of quantum-well SOAs allows faster wavelength conversion due to their reduced 

gain recovery time. In chapter 4, optical processing functions will be investigated using 

both types of SOAs. However, the quantum-dot SOAs have not been available until quite 

recently, and are not available commercially. Therefore, optical processing schemes have 

been devised to allow faster operation of the SOAs. Some selected examples will be 

presented hereafter. Naturally, the maximum benefit results from combining the latest 

materials with such processing techniques. 
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2.3.1 Delay interferometer signal converter 

 

One of the simplest and fastest wavelength conversion schemes is the delay 

interferometer signal converter (DISC) [27], [28]. This scheme is a particular 

implementation of the wavelength converter based on XPM presented in Fig. 2.5. It uses 

the same setup, but the optical filter consists of an asymmetrical Mach-Zehnder 

interferometer, having a delay and phase shift in one of its arms. The DISC schematic is 

depicted in Fig. 2.8 as well as its working principle. A pump signal and a CW probe are 

fed to the SOA, where XGM and XPM take place. At the SOA output, the CW probe is 

amplitude and phase modulated by the pump carrying the data. Each time a signal pulse 

arrives, a large phase shift is imprinted by the SOA on the probe. The SOA recovers 

between pulses during which the phase shift is varying slowly. This signal is then fed to 

the Mach Zehnder delay interferometer (DI), which creates two signal replicas, delays one 

of them, and adds them together at the output. As depicted in Fig. 2.8 b), at the times 

corresponding to the arrival of a signal pulse, the two replicas in the DI will have a 

significantly different phase and therefore there will be a pulse at the DI output. On the 

other hand, when no signal pulse was present, the phase is changing slowly and hence the 

two replicas have a similar phase. Little light is output in this case. Therefore, the input 

data is converted to the probe wavelength with the original polarity. 

The operation of this configuration can be understood by representing the involved 

signals and devices in the base band, and considering the limited bandwidth wavelength 

conversion by the SOA as a low pass filtering action on the incoming signal, as shown in 

Fig. 2.8 c). The DI acts as a high pass filter, since it eliminates the slowly changing phase 

components of the signal, like the derivative operation. Hence, combining the transfer 

function of the SOA and the DI, the resulting total wavelength conversion transfer function 

has larger bandwidth, compared to that of the SOA alone, effectively mitigating the effect 

of the SOA slow gain recovery. 

Experimental results with this technique have demonstrated wavelength conversion 

at bit rates from 10 Gb/s [27], 80 Gb/s [29] to 640 Gb/s [30], which is the current record 

for the highest bit rate of wavelength conversion. Demultiplexing has also been 

demonstrated with the DISC technique [31]. 
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Although this technique enables very high bit rate wavelength conversion, its main 

drawback is that it needs an optical filter, the DI, fine tuned to the probe wavelength. A 

control system would be required to both tune the wavelength of the optical filter and to 

track the signal wavelength, which is complex and costly, and therefore not realistic in a 

practical network scenario. Other methods exist that do no require this kind of fine tuned 

filtering. Moreover, this technique does not permit more advanced functionalities due to its 

lack of additional operational degrees of freedom. 
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Fig. 2.8 a) Delay interferometer signal converter (DISC) scheme, b) DISC operating principle, c) DISC 

transfer function model. 

 

2.3.2 Non-linear optical loop mirror 

 

Another device used for signal processing is the non-linear optical loop mirror 

(NOLM) [32, 33], depicted in Fig. 2.9. This configuration is also known as the terahertz 

optical asymmetric demultiplexer (TOAD), when operating as a demultiplexer, or else as 

the semiconductor laser amplifier in a loop mirror (SLALOM), when the nonlinear element 

is a SOA. The SOA-based NOLM is a Sagnac interferometer with a SOA inside the 

interferometer. The SOA is placed in an asymmetric position inside the loop relatively to 

the input/output coupler. An additional coupler is placed between the SOA and the 

input/output coupler so that the pump signal can be fed in to the loop. While the probe is 

split by the input/output coupler and passes the SOA twice, the pump only passes the SOA 

once. Since the SOA is placed with some offset relatively to the loop middle point, the two 
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probe replicas pass the SOA at different times. When a pump pulse arrives at the SOA it 

will cause XPM on the two probe replicas. However, one of the probe replicas arrives at 

the SOA sooner than the other and therefore the part of the clockwise and counter-

clockwise propagating replicas that experience the SOA induced phase shift arrives at the 

input/output coupler also at different times. As in the DISC, the input/output coupler adds a 

part of the probe that is affected by XPM while the other replica remains unaffected. 

Hence, a light pulse exits the NOLM. When no pump pulse is present, the SOA induced 

phase is recovering slowly. In this situation, the phase is nearly identical in both replicas 

and almost no light exits the NOLM, achieving wavelength conversion, again without data 

inversion. 
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Fig. 2.9 Non-linear optical loop mirror (NOLM) and operating principle schematics. 

 

The NOLM has the significant advantage over the DISC that it does not need a fine 

tuned optical filter. However, the NOLM requires control of the polarization inside the 

Sagnac interferometer, since both replicas must have the same polarization to interfere. 

The NOLM is typically built with optical fibre, which is sensitive to the environmental 

conditions. Therefore, polarization tracking inside the loop is compulsory, which makes it 

less practical for real world applications. Wavelength conversion of both RZ and NRZ 

pulses, and demultiplexing of OTDM signals [34] have been demonstrated using the 

NOLM [35]. 
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2.3.3 The MZI-SOA, a SOA based Mach-Zehnder interferometer 

 

Both wavelength conversion configurations presented earlier have disadvantages 

such as the need for optical filter fine tuning, or polarization tracking, which compromise 

the stability of such devices in a real world application. The MZI-SOA has the advantage 

over both the DISC and the NOLM of doing away with both the fine tuned optical filter 

and the polarization controller inside the interferometer [36]. 

The MZI-SOA, as the DISC and the NOLM, exploits XPM in the SOAs and is 

depicted with its operating principle in Fig. 2.10. The MZI-SOA is a Mach-Zehnder 

interferometer with a SOA in each interferometer arm. Two additional ports are connected 

directly one for each SOA, which do not directly take part in the interferometric action. 

The probe is fed into one of the interferometer inputs which is then split and fed to the two 

SOAs. A polarization controller is used at the interferometer input if either the waveguides 

or the SOAs are polarization sensitive. The SOA outputs are then combined and the chosen 

interferometer output port is optically filtered to reject the pump signal. The pump signal is 

split into two replicas before being fed to the SOAs. One is delayed by an amount of time 

T relatively to the other. A pulse of the non-delayed pump replica arrives first at the SOA 

and causes a phase shift on the probe through XPM. There is a phase difference between 

the two probe signals coming out of the SOAs while the pulse of the delayed pump replica 

does not arrive at the other SOA. Hence, an output pulse arises at the filtered output of the 

MZI-SOA. When the delayed pump pulse arrives at the SOA, it induces a phase shift on 

the probe crossing the SOA, and therefore both probes crossing the two SOAs will have a 

similar phase. Hence, there will be destructive interference at the filtered output and light 

no longer exits at the MZI-SOA output. 

The MZI-SOA operation, as well as the other interferometer-based optical 

processing devices, can be described by the concept of switching window [37, 38, 39]. 

Whenever the phase between the probe replicas in each of the interferometer’s arms is 

different, the switching window is open, i.e., and light comes out of the interferometer. 

When the phase is the same in both arms, the switching window is closed. The method 

described before, where each of the SOAs receives a pump pulse, is called push-pull or 

differential method of operation, because it uses two pump replicas [40]. One opens the 

interferometer’s switching window, and the delayed replica closes it. The MZI-SOA can 
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also be operated with only one pump replica, i.e., not using the push-pull mode. In this 

case, the maximum bit rate is limited by the gain recovery, similarly to the case of 

wavelength conversion with a single SOA. Further mechanisms have been devised to 

reduce the patterning effects, such as the use of asymmetrical interferometers [41], or 

bidirectional propagation of the input data signal [42]. 

 

T

TT SOA induced

phase shift

1 00 01 11 00 01 1

Output

signal
Pump

1 00 01 11 00 01 1

1 00 01 11 00 01 1

SOA

SOA

SOA

SOA

SOA

SOA

SOA

SOA

SOA

SOA

SOA

SOA

SOA

SOA

Probe

T

T

Delayed

pump

Pump

SOA induced

phase shift

SOA induced

phase shift

Switching

window

 

Fig. 2.10 MZI-SOA schematic and operating principle. 

 

The interferometric input of the MZI-SOA is usually coupled to a locally generated 

signal, although it may be polarization dependent. Therefore it does not require an active 

polarization controller inside the interferometer, as is the case with the NOLM. 

Furthermore, polarization independence relatively to the control data input has been 

demonstrated [43]. The MZI-SOA has also demonstrated superior performance in 

demultiplexing applications at a high 160 Gb/s bit rate [38], and in logic applications [44]. 

Another significant advantage of the MZI-SOA is that it has been either hybridly [45] or 

monolithically [46] integrated. Further to the stability advantage, the integrated devices 

also have a small form factor, and the possibility of integrating several of these devices in a 

single chip [47] exists, e.g., MZI-SOA devices with passive devices [48], MZI-SOA with 

passive devices and linear amplifier SOAs [49], or with other active devices such as lasers 

[50]. This makes it possible to design larger circuits for performing more advanced 

functions than the wavelength conversion [51], which will be addressed in the next section. 
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2.4 Optical processing functions 

 

Wavelength conversion is the simplest optical processing function, but several 

other functions have also been performed with the MZI-SOA and similar optical 

processing devices. Some of them are now presented, which will be revisited in the 

following chapters. 

 

2.4.1 Format conversion 

 

The increase of bit rates in optical networks has set more stringent demands in 

transmission distances and OSNR margins. In order to cope with tougher requirements, 

advanced modulation formats have been proposed. However, each modulation format has 

its own share of advantages and hence is more suitable for a particular scenario. Whereas a 

comprehensive overview can be found in reference [52], a brief presentation of some 

modulation formats will be given here. For example, the NRZ-OOK format, usually known 

as NRZ, has the simplest transmitter and receiver structure and therefore is more adequate 

for low cost access networks. However, the optical duobinary (ODB), which is still an 

intensity modulation format, but has a correlated phase shift between bits, has increased 

tolerance to optical filtering and chromatic dispersion, and therefore has advantages in 

networks with a narrow equivalent optical filter and reduced chromatic dispersion 

compensation. Nonetheless, at higher bit rates, the RZ formats have longer reaches in 

transmission links by taking profit of an appropriate combination of group velocity 

dispersion (GVD) and self phase modulation (SPM) management. Particularly, the CS-RZ 

format, due to the π phase shift in every bit, has increased tolerance to non-linear effects. 

Additionally, RZ formats have the advantage of lower OSNR requirement relatively to 

NRZ formats due to its lower duty cycle. However, in what concerns the OSNR, phase 

modulated formats have an even larger advantage when detected differentially, with the 

differential phase shift keying (DPSK) gaining much popularity. 

With all the currently available formats, format conversion between different 

optical network hierarchies or simply between transmission links using different formats 

arises as a natural necessity, with the SOA-based devices being good candidates for the 

job. A few examples of extant work on this matter are now presented in brief. Several 
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demonstrations of duty cycle adaptation of pure intensity modulated formats have been 

done in SOA based gates, such as the conversion of RZ-OOK to NRZ [53, 54], or the 

conversion from NRZ to RZ-OOK [55]. Additionally, phase management has been 

introduced in a purely intensity modulated format in the NRZ format conversion to 

vestigial side-band modulation [21] and to CS-RZ [56, 57] in SOAs or SOA-based 

interferometers. Furthermore, RZ-OOK to CS-RZ conversion was demonstrated in a 

NOLM [57]. Intensity modulation to phase modualtion conversion of a NRZ signal to RZ-

BPSK and to RZ-QPSK was also shown in a MZI-SOA [58, 59]. The interest in 

differentially detected phase modulation formats has led to the demonstration of 

regeneration of DPSK signals [60, 61, 62], which effectively utilizes intensity modulation 

RZ-OOK format conversion to RZ-BPSK. 

The previous demonstrations of format conversion make extensive use of the 

capabilities of SOA-based devices, namely the MZI-SOA, to handle both phase and 

intensity. The particular reduced chirp property of the MZI-SOA, comparing to other 

nonlinear gates, have also been exploited advantageously to wavelength convert the 

payload of a FSK/IM label/payload signal [63]. 

Conversion between several formats has been demonstrated, with the extant studies 

focusing more on the demonstration of the functionality rather than on the performance of 

the format conversion scheme. In chapter 3, format conversion performance in the MZI-

SOA will be compared using different modulation formats to investigate the characteristics 

that determine the conversion performance. From this point forth, when referring to the RZ 

format, RZ-OOK should be understood. 

 

2.4.2 Multiplexing, demultiplexing, logic and switching 

 

Novel techniques and circuits are required to cope with the increase of the bit rate 

of individual wavelength channels. Specifically, some networks have been proposed where 

a number of tributaries are time domain multiplexed and demultiplexed using all-optical 

techniques – optical time division multiplexing (OTDM) –, which allow the use of lower 

bit rate electrical transmitters and receivers. In its simplest form, optical multiplexing of 

tributaries can be achieved by coupling together the tributaries if only with appropriate 

timing, duty cycle and modulation format. If the timing of the tributaries is not unsuitable, 
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more complex circuits, usually not all-optical, are required for adapting the incoming 

tributaries to the requirements of the higher bit rate network [64]. If the timing is suitable, 

wavelength and duty cycle can be adapted by all-optical means [65, 66, 67]. Nevertheless, 

these existing circuits lack some of the advantages of the MZI-SOA, such as polarization 

insensitiveness, gain and integrability. Therefore a more suitable alternative MZI-SOA 

based circuit will be presented in Chapter 4. 

On the other hand, optical time division demultiplexing of a higher bit rate signal to 

a lower bit rate signal, represented in Fig. 2.11, is also required in OTDM networks. For 

this functionality, both the high bit rate signal and a demultiplexing gating signal are fed to 

an optical gate. The demultiplexing signal is a periodic signal matching the timing of the 

higher bit rate signal bits that are to be demultiplexed. The optical gate can be any one of 

the devices presented earlier. Demultiplexing in these gates can be performed in two 

different ways. 

The first uses the input data as the probe and the demultiplexing gating signal as the 

pump. In this case, it is as if the ‘data’ of the demultiplexing signal is wavelength 

converted to the probe, which is the true input data. Light pulses appear at the gate output 

only when the demultiplexing gating signal is present, i.e., every four bits as in the 

example depicted in Fig. 2.11. However, the probe also contains data, as opposed to a CW 

signal. Therefore, at the times when there is a pulse in the demultiplexing gating signal, the 

corresponding input data bit will show up at the gate output, and all the other input data 

bits will be discarded. 

Optical

gate

1 00 01 1 1 1 00 1

10 0

Input

data

Demux

gating
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Output

demultiplexed

data

 

Fig. 2.11 Optical time demultiplexing. 

 

The second way of performing optical time division demultiplexing using an 

optical gate uses the input data as the pump, and the demultiplexing gating signal as the 

probe. Again, this can be understood as a wavelength conversion of the input signal to the 

probe, which is a gating signal instead of a CW. Therefore, there will be data conversion 
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only in the presence of a pulse in the demultiplexing gating signal, and hence only the 

desired bits are demultiplexed. 

The main difference between the two demultiplexing techniques is in the signal bit 

rate. On the one hand, in the demultiplexing application, the gating signal has a lower rate 

than the incoming data signal. On the other hand, the SOAs of the MZI-SOA gate must 

have a suitable recovery time for handling the bit rate of the pump signal. Therefore, the 

most advantageous situation as far as the speed is concerned, is to use the signal with the 

lowest repetition rate as pump, i.e., the gating signal in the control port, since the SOAs do 

not need to respond as quickly as in the case of a high bit rate data signal. 

Demultiplexing has been performed with this MZI-SOA configuration since early 

in 1995, from 40 Gb/s to 5 Gb/s [68], from 80 Gb/s to 10 Gb/s [69], from 160 Gb/s to 10 

Gb/s [70] and from 320 Gb/s to 10 Gb/s [71]. In chapter 4, this functionality of the MZI-

SOA will be exploited in a larger optical circuit to perform packet decompression, and will 

be presented at a later stage. The alternative mode of operation, where the higher bit rate 

data signal is fed to the control port of the MZI-SOA, is also useful because it can be used 

to simultaneously demultiplex the incoming OTDM signal and convert it to lower bit rate 

WDM tributaries [72]. Furthermore, the MZI-SOA has been applied to OTDM networks 

for performing conversion from 40G OTDM to 4x10G WDM [73], as well as OTDM add 

and drop of tributaries [74], and demultiplexing with optical clock recovery after 

transmission [75]. 

It has been seen that optical time demultiplexing with an optical gate is 

conceptually similar to wavelength conversion, provided that a gating signal is used 

instead of a CW signal. In fact, there is only light at the output, when both pump and probe 

signals are present. From a logical point of view, this is equivalent to the AND operation 

between the two input signals. Calling the pump and probe data signals A and B, only 

when both A and B have a logical 1 will there be also a logical 1 at the optical gate output, 

as depicted in Fig. 2.12. 

Other logical operations can be performed using the described optical processing 

devices. However, these generally require more complex circuits compared to the AND 

operation. For example, the XOR operation can be performed using the MZI-SOA, with 

the configuration depicted in Fig. 2.13. The MZI-SOA is not used in the push pull 

configuration, although the two control ports are used. Each input signal is fed to one of 
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the control ports acting as pumps, while a CW probe is fed to the interferometric port of 

the MZI-SOA. In this configuration, there is no push-pull so the gain of the SOAs must 

recover within the bit slot. When one, and only one, of the input signal contains a mark or 

logical 1, the corresponding SOA introduces a phase difference between the two arms of 

the interferometer, and a mark appears at the interferometer output, corresponding to a 

logical 1. When both inputs correspond to logical 0s, there is no phase difference between 

the arms of the MZI-SOA and a logical 0 results at the output. When the two input signals 

are logical 1s, both induce a phase shift in each arm of the MZI-SOA. However, since a 

shift is introduced in both arms, the phase difference between both arms is zero and 

therefore a logical 0 is output. Hence, this configuration implements logical XOR 

operation. It is also possible to use the push-pull technique to perform the XOR operation. 

However it involves feeding a delayed replica of each input signal to the other control port 

[76], resulting in a more complex structure. 
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Fig. 2.12 AND logical operation with optical gate. 
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Fig. 2.13 Logical XOR operation in MZI-SOA. 

 

Experimental results with the MZI-SOA based XOR gate have demonstrated better 

performance than with other interferometric gate at 40 Gb/s [44]. 
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Other logical operations can be achieved with the MZI-SOA, such as the NOR, the 

OR, and the NAND logical operations, usually requiring more than one gate [77]. 

Several proposed types of all-optical networks rely on space switching to route 

packets or bursts over the network. Fast optical packet switches are required, for 

maximising the network efficiency, since the required guardband time durations can be 

decreased. Due to both the fast switching time of the MZI-SOA and its pair of output gates, 

it can also be used as a 1×2 space switch for this application. A 2×2 space switch can also 

be devised, making use of the two interferometric input ports, as shown in Fig. 2.14. 

In the 2×2 space switch configuration, two data signals are fed separately to each of 

the interferometric inputs of the MZI-SOA. If no light pulse is present in the control port, 

there is zero phase difference between the arms of the MZI-SOA meaning that, relatively 

to each one of the input ports, there will be constructive interference on one of the output 

ports, and destructive interference on the other. Therefore, the incoming signals at inputs 1 

and 2 are output at the output ports 1 and 2, respectively. However, in the presence of a 

control signal, a phase difference arises between both arms of the MZI-SOA. If this phase 

difference is set to be π, the opposite interference condition to the case without control 

signal will occur at the outputs of the MZI-SOA. In this case, the signals in input ports 1 

and 2 emerge at output ports 2 and 1, respectively. Therefore, a 2×2 space switch is 

obtained, whose state, either bypass or switch, can be set by the control port. 

As an example, depicted in Fig 2.14, data blocks A and B arrive at the input port 1, 

while data blocks C and D arrive at the input port 2. Blocks A and C arrive at the same 

time, as well as blocks B and D. At the time that blocks A and C arrive, no control signal is 

present, and therefore blocks A and C are forwarded to output ports 1 and 2, respectively. 

Blocks B and D arrive when the control signal is present and so they are switched to ports 

2 and 1, respectively. The 1×2 space switch is a particular case of the 2×2 where only one 

input is used. 
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Fig. 2.14 MZI-SOA acting as 2×2 space switch with phase shifters (PS) [78]. 
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The main problem with the space switch configuration is that the contrast ratio of 

the output ports is imperfect, i.e. the input signals are not completely switched to the 

desired output port, and some power leaks to the wrong output port. This is due both to the 

difficulty of setting an exact π phase difference between both arms and to the resulting gain 

compression of the SOAs. To facilitate optimizing the extinction ratio of both switch 

outputs, phase shifters are introduced in both arms of the MZI-SOA [78]. The consequence 

of the imperfect extinction ratio is that crosstalk is introduced in the signals, which may 

lead to very severe crosstalk penalties when the crosstalk is inband, i.e., has the same 

optical frequency as that of the signal. In chapter 5, the MZI-SOA will be used as a space 

switch and its performance is affected by crosstalk. 

Switches with 20 dB of extinction ratio have been achieved by using unbalanced 

bias currents of the SOAs and phase shifters [79, 80]. 

2.4.3 Regeneration 

 

The signal quality is also affected by other impairments, in addition to the crosstalk. 

Transmission of optical signals over large distances accumulates ASE noise, and other 

transmission impairments such as dispersion and nonlinear effects, either intra-channel or 

inter-channel, such as SPM, XPM and FWM. Although some transmission impairments 

can be compensated, such as dispersion and, partially, SPM, there is a significant 

degradation of the signal after transmission over long distances. When the signal quality is 

unsuitable, usually measured in terms of BER, or eye opening, the signal needs to be 

regenerated. Full regeneration of a signal generally comprises three operations: re-

amplification, re-shaping and re-timing. All-optical re-amplification has become 

commonplace with the advent of the EDFA, and the SOA has recently been employed as a 

multi-channel pre-amplifier [81]. Re-shaping and re-timing are harder to achieve all-

optically, since they must process each individual bit, as shown in Fig. 2.15. The re-

shaping function must change the shape of each bit by redistributing optical noise, and 

removing distortion and amplitude jitter. The re-timing function resets each bit to the 

correct time inside the bit slot, and removes timing jitter. 

Regenerators that perform re-amplification and re-shaping are commonly called 2R 

regenerators, while regenerators that also perform re-timing are called 3R regenerators. 3R 

regenerators usually include a clock recovery block for re-timing the regenerated data. 
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Fig. 2.15 3R regeneration steps: re-amplification, re-shaping and re-timing. 

 

2R regeneration can be achieved by exploiting the MZI-SOA non-linear power 

transfer function. Fig. 2.16 depicts a 2R regenerator configuration and a MZI-SOA sine 

like power transfer function. The 2R regeneration function is achieved by exploiting the 

two flat regions of the nonlinear transfer function. The amplitude noise in the 1 pulses is 

compressed, and the power of each individual pulse equalized, as illustrated in the example 

of Fig. 2.16 b). The same happens to the space symbols, whose power can also be reduced, 

thereby increasing the signal extinction ratio. The regenerator transfer function should be 

as steep as possible, like a step function, to maximize the regenerative capabilities [82, 83, 

84]. However, it is known that no optical 2R regenerator solely described by a nonlinear 

transfer function can correct errors or improve the BER right at the regenerator’s output 

port. However, a 2R regenerator does help improve the overall BER of links with long 

spans of fibre after the regenerator [85]. 

2R regeneration has been performed with MZI-SOAs, at 2.5 Gb/s [86], where its 

ability to redistribute ASE noise has been demonstrated. More recently, the MZI-SOA has 

been used to regenerate signals impaired by crosstalk [87], polarization mode dispersion 

(PMD), [88], and coherent interference from optical code division multiplexing access 

(OCDMA) [89]. 
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Fig. 2.16 a) Simple (non differential) 2R regeneration configuration with MZI-SOA. b) A typical MZI-SOA 

power transfer function used for 2R regeneration. 
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Although 2R regeneration reshapes the signal and removes noise, the re-timing 

functionality is sometimes critical to avoid accumulation of timing jitter which can cause 

error floors. Therefore, MZI-SOA based 3R regeneration has also been investigated. 

3R regeneration also requires clock recovery which requires additional circuit parts. 

The 3R regeneration is typically performed by a clock recovery unit followed by a MZI-

SOA based 2R regenerator, as depicted in Fig. 2.17 a). The clock recovery unit recovers an 

optical clock signal from the degraded signal and feeds it to the 2R regenerator, which 

modulates the clock with the data. 

3R regeneration has also been demonstrated using an electronic phase locked loop 

for recovering an optical clock signal that is then fed to the MZI-SOA [90]. The 

regenerative capabilities of this optical circuit have also been demonstrated in loop 

experiments from 10 Gb/s to 40 Gb/s, over several thousands of kilometres [82, 91, 92]. 

SOA

SOA

SOA

SOA

SOA

SOA

SOA

SOA

SOA

SOA

SOA

SOA

SOA

SOACRU

Input signal

1 0 01 10 1 0 01 10

1 00 01 11 00 01 1

Output signal

Recovered clock

SOA

SOA

SOA

SOA

SOA

SOA

SOA

SOA

SOA

SOA

SOA

SOA

SOA

SOA

1 0 01 10 1 0 01 10

Recovered clock

CW probe

Fabry Perot

filter

b)

a)

SOA

SOA

SOA

SOA

SOA

SOA

SOA

SOA

SOA

SOA

SOA

SOA

SOA

SOA

Clock equalization

Wavelength

conversion

CW probe

Incoming signal

 

Fig. 2.17 a) 3R regeneration scheme with MZI-SOA and clock recovery unit (CRU). b) CRU based on a 

Fabry-Perot filter and MZI-SOA for clock equalization. 

 

The clock recovery unit can also consist of an optical Fabry-Perot filter for 

extracting the clock spectral components of the degraded signal, as shown in Fig. 2.17. The 

main advantage of the Fabry-Perot filter over the electronic circuit is its very fast clock 

acquisition time of only a few bits [93], which is particularly useful in packet or burst 

applications, as is described below. The output of the Fabry-Perot is an exponentially 
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fading clock signal that is unfortunately unsuitable for direct modulation. Hence, its power 

is equalized before remodulation by an additional MZI-SOA gate. Since the Fabry-Perot 

filter requires that the wavelength of the optical signal to be filtered to match the filter’s 

transfer function, it is customary to use a wavelength conversion stage before the Fabry-

Perot filter [94]. The wavelength conversion stage can be performed by a MZI-SOA gate 

which ensures that the adequate signal wavelength is fed to the Fabry-Perot filter. 

When a circuit is established in an optical circuit switched network, the optical 

power of the channel is adjusted and kept constant until the circuit is interrupted. However, 

in an optical burst or packet switched network, switching occurs at packet or burst level 

and hence packets or bursts arriving from different node sources may have different optical 

powers. Therefore, power equalization of packets and bursts is essential in these networks. 

In this case also, the non-linear transfer function of the MZI-SOA is useful for equalizing 

the powers of different packets. As in the case of the 2R regenerator, the MZI-SOA flat 

power transfer function region can be exploited to minimize the differences between the 

powers of incoming packets. So, only an additional MZI-SOA gate is required for 

equalizing the power of incoming packets, before the individual bit reshaping (2R 

regeneration), or re-shaping and re-timing (3R regeneration) [95]. This all-optical circuit is 

known as an optical burst mode receiver (BMR). The typical schematic of a 3R regenerator 

BMR is shown in Fig. 2.18. The 2R BMR is similar to the 3R BMR without the clock 

recovery part. 

2R BMRs have been demonstrated with a single MZI-SOA gate with an 

unbalanced interferometer, which are capable of suppressing a 9 dB power variation 

between packets [96]. A loop experiment where the BMR successively equalizes the power 

of packets circulating around the loop has also been reported [97, 98]. 

The 3R BMR has now been extensively studied, showing remarkable regenerative 

capabilities, by removing severe error floors due to packet-to-packet power fluctuations 

[99, 100, 101]. The presented 3R BMR has been performed using four integrated MZI-

SOAs in the same chip (quad MZI-SOA gates), demonstrating the integration potential of 

the MZI-SOA gates. A four wavelength 3R BMR has been demonstrated using three 

quadruple MZI-SOA gates [102]. The Fabry-Perot fast clock acquisition is crucial in the 

3R BMR application, because it minimises packet clock recovery overheads. 
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Fig. 2.18 Burst mode receiver based on MZI-SOA and clock recovery on a Fabry-Perot filter. 

 

2.4.4 Further applications in OBS and OPS networks 

 

In either optical packet switching (OPS) or optical burst switching (OBS) networks, 

data is transmitted in packets or bursts. At each network node, the packets or the bursts are 

sent to their next destination according to the information contained in the packet or burst 

header. In-band signalling can be used, in which case the headers are sent immediately 

before the transmitted data in the same wavelength, or at the same time, using orthogonal 

modulations. Alternatively, in out-of-band signalling, the header is sent much before the 

transmitted data, i.e. the payload, in a different wavelength. In-band signalling is employed 

in all-optical label swapping (AOLS) networks, in which, at each network node, the 

payload is separately processed from the label, both all-optically [103, 104, 105]. The 

switching matrix is configured according to the label information, and a new label is 

appended to the payload and forwarded to the next destination. In these network 

architectures, an optical circuit is needed to separate the label from the payload of 

incoming packets, so that the payload goes to the switching matrix while the label is sent to 

the node control layer for processing.  

A MZI-SOA based packet payload label separation circuit has been proposed for 

RZ formatted packets where the payload follows the header in time and both share the 

same wavelength [106]. The circuit is composed of a clock recovery circuit and an optical 

1×2 switch, as depicted in Fig. 2.19. The clock recovery unit operates as explained earlier, 

and recovers a clock signal of about the duration of the incoming packet. This part of the 

circuit is sometimes also called a packet envelope detector (PED) [107]. The clock signal 



Chapter 2 Optical processing devices   

 36 

and a replica of the incoming packet are fed to a MZI-SOA gate operating as a 1×2 space 

switch. The clock signal acts as the control of the switch, while the packet is fed to the 

interferometric port. The clock signal is delayed relatively to the incoming packet so that 

the clock signal may reach the switch at the beginning of the payload. Hence, when the 

label arrives at the switch, there is no control signal present and the label is forwarded to 

the unswitched port of the MZI-SOA. On the other hand, when the payload arrives, so does 

the clock signal, who changes the switch state, forwarding the payload to the switched port 

of the MZI-SOA. The label and the payload are detached as a result, and ready for 

processing by the label processing unit and switching matrix, respectively. 
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Fig. 2.19 Packet label/payload separation circuit based on MZI-SOA devices. 

 

Experimental results of the packet label and payload separation with MZI-SOA 

gates at 40 Gb/s have shown a power penalty below 2 dB [106]. An earlier circuit based on 

the ultrafast nonlinear interferometer (UNI) has been implemented, at 10 Gb/s [108]. A 

front-end for an all-optical label switching has also been presented, that includes data 

regeneration in addition to the packet and label separation function [47]. 

OPS and OBS networks exploit and benefit from statistical multiplexing. However, 

typically, packets or bursts arriving at network nodes, directed to the same output fibre link 

contend for the same transmission resources. Contending packets or bursts may be lost, 

unless a contention resolution mechanism is employed. Contention resolution involves, 

first of all, detecting the presence of contending packets or bursts. Afterwards, wavelength 

conversion, or other contention resolution strategies, can be used to resolve conflicts. One 

MZI-SOA based circuit has been presented for resolving contention by wavelength 

conversion [109], and is depicted in Fig. 2.20. The circuit resolves contention between two 

packet streams heading for the same output fibre link. The circuit resolves the contention 

by converting one of the contending packets into another wavelength on the same output 

fibre link. The first packet stream is split into two and one part is fed to a PED, which is 
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described earlier. The other part is directly forwarded to the output. The PED output drives 

an optical 1×2 space switch and a wavelength conversion unit. The second packet stream is 

fed to the optical 1×2 space switch, which steers the incoming packets to the output if there 

is no contention and no packet from the first stream is detected in the PED (P3 in the 

example of Fig. 2.20). If there is contention and the PED detects a packet in the first 

stream, the 1×2 space switch steers the packet from the second stream to the wavelength 

conversion stage (P2 in Fig. 2.20). The wavelength converter converts the wavelength of 

the incoming packet using the envelope detection signal from the PED. Finally, the 

wavelength converted packet is sent to the output, where it joins the packet with the 

original wavelength from the first stream. 

Other alternative SOA based implementations of such functionality exist, for 

example, using cross-coupled injection-locked wavelength converters [110]. 

An alternative technique for resolving contention uses buffering, for delaying one 

of the contending packets. More specifically, synchronous OPS or OBS slotted network 

architectures have also been proposed [111, 112]. In this case, the packet is allocated a 

suitable empty time slot, before being sent to the next node, thus preventing packet or burst 

collision and improving the network performance. Optical processing circuits for delaying 

the packets or burst are required to reallocate them to empty slots. For this purpose, time 

slot interchangers, which basically delay a packet or burst by a selectable amount of time, 

have been proposed using SOAs as wavelength converters using recirculating buffers [113] 

or selectable delays [114], or even current-driven switches [115]. The MZI-SOA is an 

excellent candidate for designing such functionality and therefore a wavelength converter 

MZI-SOA based time slot interchanger is presented and evaluated in chapter 4. 

Additionally, an alternative space switched MZI-SOA based time slot interchanger 

architecture is analysed in chapter 5. 
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Fig. 2.20 MZI-SOA based packet contention resolution circuit. 
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The collection of optical processing circuits presented in this Thesis demonstrates 

the flexibility of the MZI-SOA gates and, more importantly, their usefulness to future 

generation optical networks. A few more functionalities performed with the MZI-SOA are 

now enumerated, without much detail, as a reference for the reader. 

The MZI-SOA device has been used as a self-switching device [95], low loss 

power coupler [116], optical flip-flop [117], and pulse compressor [118]. It has also been 

employed to do data multicasting [119], simultaneous payload wavelength conversion and 

label re-rewriting [120], label stripping [121], and pattern recognition [122]. This list does 

not purport to be complete or exhaustive. The intention is to demonstrate the wide range of 

applications that can be addressed with the MZI-SOA gate, and hence its universality. 

 

2.4.5 The performance of all-optical processing circuits 

 

Up to this point, optical processing circuits have been presented only from a 

functional perspective. However, their usefulness ultimately depends on their performance, 

in the sense that the output signal must have enough quality for conveying information 

reliably to subsequent detection or other circuits. As amplifying circuit elements, SOAs 

introduce ASE noise, and OSNR degradation will occur as the signal passes through 

several MZI-SOAs in the optical circuits. Other impairments detrimental to the signal 

quality are also caused by the MZI-SOA, depending on its mode of operation. 

It was already mentioned that MZI-SOAs operating as space switches, add 

crosstalk to the signal, although, clearly, crosstalk is not exclusive of the MZI-SOA space 

switch. Large penalties can result when the crosstalk has the same optical frequency as the 

signal. The penalties increase further when more than one space switch is required, such as 

in a large switching matrix. Typically, the receiver has a limited tolerance to crosstalk and 

therefore only a certain penalty can be tolerated. Hence, the space switch size, or, 

equivalently, the number of individual space switches must be limited depending on the 

penalty they introduce. This is an important aspect of optical circuits operation, since they 

must compare favourably to their electronic counterparts. This aspect is all the more 

important if other impairments exist that also affect the signals suffering crosstalk, such as 

the group velocity dispersion (GVD) or SPM arising in long-haul transmission. It is widely 

recognized that the operating margins of the network are reduced as transmission distances 
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and bit rates increase, and more and more impairments kick in and affect the signal 

performance [123]. Certainly, the regenerators described earlier can improve the signal 

quality, if only at the expense of additional complex circuitry and associated cost. 

Therefore, it is imperative to accurately characterize the impact of such impairments to 

minimize the number of regenerators in the network and/or to extend the signal range. 

Hence, chapter 5 is dedicated to the analysis of crosstalk in some relevant network 

scenarios. There, a method is derived for calculating the BER of a signal impaired by pulse 

distortion, e.g., due to filtering, and, simultaneously, crosstalk and ASE. A MZI-SOA 

space switched based time slot interchanger is analysed, and the maximum time slot 

interchanger size (i.e., the number of permissible individual space switches) is assessed. 

Moreover, this method enables the performance estimation of a network with both narrow 

filtering and crosstalk, which is used to calculate the maximum permissible number of 

optical add-drop multiplexers. 

Crosstalk is not an issue when the MZI-SOA is operated in a non-switching mode, 

i.e., when the MZI-SOA is operated with one interferometric input and output. However, in 

this case, the pump signal saturates the SOAs and the dynamics of the SOA gain recovery 

can influence the shape of the output signal as the bit rate increases. Moreover, the shape 

of the input signals may influence the performance of the particular MZI-SOA application. 

Clearly, the output signal quality depends both on the input signal and on the operating 

conditions and the MZI-SOA device parameters. Inter-symbolic interference occurs when 

the MZI-SOA operates in such a way where the gain recovery affects the next bit, and, 

consequently, the signal performance is degraded. As the signal travels across several 

MZI-SOA devices, its shape will be successively affected by each of the MZI-SOA 

temporal response. The MZI-SOA based optical processing circuits investigated in 

chapters 3 and 4 fall under such conditions. Therefore, it is crucial to model the temporal 

response of the MZI-SOA accurately. Accordingly, the following section presents a SOA 

mathematical time-model for modelling both the SOA and MZI-SOA based circuits. 

 

2.5 SOA and MZI-SOA models 

 

Several models have been proposed to describe the SOA operation. Reference [124] 

presents a comparison of the features of several SOA models. The most basic feature of 
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SOA modelling is the gain saturation as a function of the input power. The gain saturation 

models can be either dynamic or static. Dynamic models can predict the SOA operation 

with high bit rate signals in nonlinear regime, whereas static models can provide useful 

physical insight of the phenomena in the SOA and are also applicable in the linear regime 

(amplification). Some models resort to the carrier density to calculate the gain, while other 

models directly calculate the gain from optical input power. Some models account for the 

spectral shape, i.e., the gain dependence on the wavelength, while others simply assume a 

constant gain over the wavelength region of interest, usually a few nanometers for 

accommodating the simulated signals. However, for multi-channel simulations, the 

wavelength dependence may become relevant. A spatial description of the signal 

transmission through the SOA is also desirable when the SOA is long or when in deep 

saturation, which causes the carrier spatial distribution to be very non-uniform along the 

length of the SOA. Some models divide the SOA in several sections to account for this 

effect, while other resort to analytical integration of the carrier density spatial profile. 

Although the analytical integration of the spatial profile of the carrier density results in a 

much faster computation, sometimes approximations are made, and both co-propagation 

and counter-propagation of optical beams are not considered. The gain recovery must be 

accurately modelled at very high bit rates, where the SOA time response is critical. In this 

case, both the slower inter-band effects and the intra-band effects play an important role 

and have to be considered. Intra-band effects can be taken into account by using effective 

parameters that compress the gain, but a more accurate description requires separate time 

equations for the different effects. 

Appendix A describes the derivation of tractable amplifier equations for both the 

amplitude and phase of a signal travelling inside a SOA. The key equations are 

( , ) ( ) ( ,0)P t L G t P t=  (2.1) 

for the optical power at the output and input of the SOA P(t, L) and P(t, 0), respectively, 

and 

( , ) ln[ ( )] ( ,0)
2

t L G t t
α

φ φ= − +  (2.2) 

for the phase, where  

( )( ) h tG t e=  (2.3) 

is the amplifier gain taken as the relation of the output and input powers and 
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0
( ) ( , )

L

h t g t z dz= ∫ . (2.4) 

g is the local SOA gain, t the time and z the longitudinal coordinate of the SOA, ranging 

from 0 to L. The spatial dependence of G and h (see Appendix A) has been dropped since 

the main interest is the value of these quantities at the SOA output facet, at z=L. 

The model of the dependence of the gain g on the input optical signal adopted in 

this work has been proposed in references [125, 126]. The derivation is lengthy and not 

straightforward, and hence it is not reproduced here, but the main ideas are illustrated in 

what follows. 

The model aims to describe the inter-band carrier depletion, and the intra-band 

phenomena of carrier heating (CH) and spectral hole burning (SHB). Carrier depletion is 

due to the recombination of electrons in the conduction band with holes in the valence 

band. The recovery of this kind of depletion is typically achieved by electrical pumping 

and has a time scale of between tens of picoseconds and nanoseconds, depending on the 

SOA operating conditions and fabrication method. When a light pulse enters the SOA, free 

carriers recombine resulting in carrier depletion such that the remaining carriers are left 

with an energy distribution that is not in equilibrium. For a narrow band optical pulse, only 

the electron-hole pairs that have an energy difference that matches the photon energy 

recombine and provide optical gain. As a result, a spectral hole in the energy distribution 

arises, hence the name SHB. Through fast (sub-picosecond) carrier scattering, the carrier 

energy is distributed, tending to an equilibrium distribution and the spectral hole 

disappears. However, the new equilibrium distribution is a Fermi distribution with a higher 

temperature (depending on the pulse wavelength [124]) than the lattice temperature, thus 

the name of carrier heating. Through phonon emission, the carrier temperature cools down 

to the lattice temperature in a picosecond time scale. Electrical pumping restores the 

recombined carriers to their initial distribution, in the absence of an optical pulse. 

The equations that model these phenomena are given by [125] 

( ) ( )
( ) ( )

g

s

N t I N t
v g t S t

t eV τ

∂
= − −

∂
 (2.5) 

,

( ) ( )
( ) ( )

g

SHB

n t n t n
v g t S t

t

β β β

βτ

∂ −
= − −

∂
 (2.6) 



Chapter 2 Optical processing devices   

 42 

1

,0

,

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

( ) ( )

L

g

h

T t U t U t T t T
E v g t S t

t T t N t

β β β β

β

β βτ

−
 ∂ ∂ ∂ − 

= − −    ∂ ∂ ∂   . (2.7) 

Equation (2.5) is the rate equation of the total free carriers in the medium. It states that the 

total carrier density N varies in time due to electrical pumping, spontaneous emission and 

stimulated emission. I, e, and V are the pumping current, electron charge and the volume of 

the active SOA region, respectively. τs is the carrier lifetime, vg is the group velocity of the 

light beam and S is the photon density inside the SOA. 

The second equation, Eq. (2.6), quantifies the variation of the local carrier density 

nβ, for carriers that have an energy difference corresponding to the incoming light energy 

and hence are effectively coupled to the incoming light. The symbol β=e,l, represents 

electrons and holes, respectively. The variation of the local carrier densities depends on 

two parts. One part is responsible for compensating deviations from the equilibrium value, 

nβ , through carrier-carrier scattering, with carrier-carrier scattering times, τSHB,β,, 

associated to the SHB effect. The other part is the stimulated emission which causes the 

carrier density deviation from equilibrium. The equilibrium value of the local carrier 

density nβ  depends on the total carrier density and also on the carrier temperatures Tβ. 

The last equation, Eq. (2.7), relates the variations of the electron and hole 

temperatures Tβ (carrier heating) arising from the re-distribution of the carriers energy due 

to stimulated emission, which heats the carriers, and the phonon emission that thermalises 

the carriers to the lattice temperature TL. Uβ is the total energy density, Eβ,0 is the mean 

carrier energy, and τH,β are the temperature relaxation times. 

For deriving practical equations of the SOA dynamics, the local gain g is expressed 

as a function of the carrier densities as 

( )0
N

e l

g

a
g n n N

v
= + +  (2.8) 

where aN is the material gain and N0 is the density of available states in optically coupled 

region. The task now is to translate a variation of total and local carrier densities and 

temperature in a variation of gain. For the total and local carrier density equations this is 

achieved with Eq. (2.8), while for the temperature equation, the temperature variation is 

related to the consequent local densities change. The resulting equations are [125, 126] 
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[ ] 01
( ) 1 ( )N N

in

s s s s

h h h
G t P t

t Pτ τ τ

∂
= − − − +

∂
 (2.9) 

[ ]( ) 1 ( )SHB SHB SHB CH N
in

SHB SHB

dh h dh dh
G t P t

dt dt dt

ε

τ τ
= − − − − −

 (2.10) 

[ ]( ) 1 ( )CH CH CH
in

H H

h h
G t P t

t

ε

τ τ

∂
= − − −

∂
 (2.11) 

N CH SHB
h h h h= + +

 (2.12) 

where hN represents the logarithmic integral SOA gain from the carrier recombination and 

hCH and hSHB represent the logarithmic integral gain compression due to carrier heating and 

SHB, respectively. The logarithmic integral gains are defined, for each term, according to 

Eq. (2.4). εSHB and εCH are the nonlinear gain suppression factors for SHB and carrier 

heating, respectively, and h0 is the unsaturated logarithmic integral SOA gain. Ps is the 

saturation power parameter and Pin is the optical power at the SOA input. 

Due to the nature of the carrier heating, the phase shift due to the gain compression 

from carrier heating is different from the phase shift from the carrier depletion. Hence, the 

total phase shift is written as a contribution of the two phenomena, while SHB does not 

contribute at all 

2 2

N CH
N CH

h h
α α

φ∆ = − −
 (2.13) 

where αN and αCH are the linewidth enhancement factors for the gain compression due to 

carrier depletion and carrier heating, respectively.  

Equations (2.1) and (2.13) defining the gain and phase rotation of a signal inside the 

SOA, the set of equations (2.9) – (2.12) that enable the calculation of the SOA gain, and 

appropriate initial conditions for solving the differential equations, together provide a 

useful model to investigate the SOA performance in system applications. Appendix B 

discusses initial conditions in more detail. 

The SOA model can also be straightforwardly used to build a MZI-SOA model for 

simulating the MZI-SOA non-linear processing capabilities that is used in the following 

chapters. Recall from the schematics of Fig. 2.10, that the MZI-SOA has one SOA in each 

interferometer arm. The two interferometer inputs, where the optical signals are fed to the 

MZI-SOA, are connected through a 2×2 ports directional coupler. The outputs of the 

directional coupler are then coupled in a Y junction to the control inputs of the MZI-SOA. 
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The outputs of the Y junctions each lead to one SOA. The two SOA outputs are then 

coupled together in a second 2×2 ports directional coupler. The outputs of the directional 

coupler are the two MZI-SOA outputs. The directional couplers introduce a 90º phase shift 

between the two split or coupled signals. An experimental characterization of an MZI-

SOA, as well as of its constitutive SOAs, is described in the next chapter. Parameters for 

the simulation model are drawn from that characterization and simulation results are 

compared to experimental observations. 

The simulation models of the SOA and MZI-SOA produce the time dependence of 

the optical signal describing the devices dynamics. These models enable a comparison 

between the simulated signals and the experimental signals analysed either by the 

oscilloscope or the optical spectrum analyser. However, the quantity of most interest that 

characterizes the quality of an optical signal is the BER. In order to have a BER estimate of 

a simulated signal, the noise created throughout the system under study can be taken into 

account either by generating random samples or analytically, usually known as the Monte 

Carlo or the semi-analytical simulation, respectively. The Monte Carlo simulation is 

generally recognized as the most accurate simulation method. However, it requires a 

significant number of simulation runs and therefore considerable computational time to 

obtain meaningful results. This is even more applicable as the BER values of interest are 

smaller, as more simulation runs are necessary. Alternatively, the semi-analytical 

simulation requires only one simulation run, since its results stem from an analytical 

description of the noises present in the system. The noise probability density functions 

(PDF) at the receiver can be accurately modelled, usually at the expense of considerable 

computational effort. Fortunately, approximate methods have been devised for estimating 

the BER of an optical signal which are both accurate and simple enough so that the 

computational effort remains small. 

The Gaussian approximation for the noise at the receiver stands out for its 

simplicity, while retaining adequate accuracy, as long as the variances are correctly 

modelled [127, 128]. The method presented in reference [127] allows to accurately 

calculate the variances due to ASE and electrical noise for arbitrary optical and electrical 

filter shapes, for an intensity modulated signal impaired by intersymbolic interference. 

This method as proved to be fast to compute and to provide accurate results when 

compared to more rigorous methods [127, 129] or to experimental results [128], and 
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therefore it shall be used throughout this Thesis to estimate the BER of an intensity 

modulated signal. Naturally, from the moment that the BER can be calculated, a power 

penalty or OSNR penalty can be promptly determined by varying, respectively, the signal 

input power or the OSNR fed to the receiver. 
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Chapter 3 Format and wavelength conversion in MZI-
SOA 

 

3.1 Introduction 

 

Recent trends in optical networks are that the different hierarchies in the optical 

network become closer and less isolated from each other, in an attempt to reduce 

complexity and cost. One such example is the use of the same transmission platform and 

equipment type both in the backbone and in the metro network. One straightforward 

advantage is that OEO transponders, that before would interface both networks, can be 

swiftly removed and replaced by a transparent connection, provided that proper 

wavelength assignment and planning is performed and the same wavelength can be used in 

both hierarchies. However, if different wavelengths are used in both hierarchies, an OEO 

transponder is required to perform wavelength and possibly format conversion, without 

any electronic overhead processing. In this case, the OEO transponder can be replaced by 

an all-optical wavelength and format converter such as the MZI-SOA. This would translate 

in a significant cost reduction since in 40 Gb/s networks OEO transponders have the 

largest fraction of the total cost. Format conversion plays a special role in interfaces of 

different hierarchies of optical networks, since typically, higher network hierarchies use 

more complex modulation and pulse formats, such as the optical duobinary (ODB), RZ and 

carrier-suppressed RZ (CS-RZ) which are optimised for performance, whereas lower 

network hierarchies use simple NRZ mainly due to the lower cost. Hence, wavelength 

conversion with format conversion is of great interest under the discussed scenario. 

Additionally, several optical circuits based on the MZI-SOA have been proposed and 

demonstrated using the RZ format. Therefore, it is important to assess the MZI-SOA 

performance with other formats to validate the operation of the optical processing circuits 

with different modulation formats. 

This chapter is dedicated to the wavelength and format conversion in the MZI-

SOA. The results here reported provide a comparative study of the wavelength and format 
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conversion capabilities of the MZI-SOA between selected modulation formats. These 

functionalities of the MZI-SOA will be studied using the simulation model explained in the 

previous chapter, and also experimentally, in a device manufactured by the Centre for 

Integrated Photonics (CIP) [1]. 

In section 3.2, an experimental static characterization of the SOAs in the MZI-SOA 

is performed, in order to obtain numerical parameters to use in the simulation model. Then, 

in section 3.3, an investigation of the dynamic properties of the MZI-SOA will be 

performed, and namely the wavelength conversion performance will be studied as a 

function of the signal bit rate to estimate the maximum possible bit rate of the wavelength 

conversion within given penalty limits. It will be shown that the maximum operating bit 

rate is 40 Gb/s and therefore this will be the chosen bit rate for all the remaining analysis. 

The performance of the wavelength and format conversion depends on the format 

of the incoming signal, as well as on the powers of the signal. The impact of these factors 

on the wavelength conversion performance will be investigated in section 3.4 and an 

operating region of the powers fed to the MZI-SOA will be defined both through 

experiment and simulation. The numerical model will be then be benchmarked against the 

experimental observations of the BER as function on the input powers. At this point, not 

only wavelength conversion to a CW beam will be studied as in section 3.4, but also using 

a short pulse beam as the probe signal in section 3.5. 

Then, in order to have a good characterization of the signal shape on the conversion 

performance, the effect of the extinction ratio of the input signal on the wavelength 

conversion performance will be analysed in section 3.6. Additionally, different signal 

formats will be applied to the MZI-SOA to investigate the impact of the duty-cycle on the 

performance of the conversion. Finally, the width of the probe pulses will be varied and the 

impact on the conversion performance will be observed. At the end, overall conclusions 

drawn about this topic are presented. 

 

3.2 Static MZI-SOA and SOA characterization 

 

The SOA model presented in the previous chapter provides a mathematical 

description of its operation, but, to draw relevant conclusions regarding the SOA utility in 



Chapter 3 Format and wavelength conversion in MZI-SOA  

 62 

an optical network, accurate numerical parameters are necessary. This section addresses 

SOA characterization and match between the simulation model and experimental findings. 

The derivation of the SOA parameters can be a complex and lengthy process, since 

a large number of variables are present in the system. Therefore, the base SOA parameters 

were obtained from the same work where the SOA model was initially derived [2]. Then, 

these parameters were tweaked in order to improve the match between experimental 

observations and simulation results. At the end, only the output saturation power and the 

alpha factor values needed to be adapted. Table 3-1 presents the SOA parameters used 

throughout this chapter. 

 

Table 3-1 SOA model numerical parameters. 

 

A picture of the packaged MZI-SOA device used in this work is shown in Fig. 3.1. 

The package contains a chip with two MZI-SOA structures [3]. The MZI-SOA is hybridly 

integrated with the following parts: a silica motherboard that contains the optical 

waveguides such as the couplers and the Y junctions; a silicon daughterboard where the 

SOAs are fitted and which is used to be passively assembled in the motherboard; the active 

elements, i.e. the SOAs, that are assembled in the daughterboard; and a V-groove to ease 

fibre pigtailing of the motherboard [4].  

Fig. 3.2 presents a functional schematic of the dual MZI-SOA chip with the SOAs, 

phase shifters, the Peltier cell, and the thermistor. The chip temperature is measured in the 

thermistor and a proportional, integral, and differential (PID) control loop actuates on the 

Peltier cell to keep the chip temperature stable at the desired value. All measurements were 

done at a temperature setting of 25ºC. Fig. 3.3 shows a picture of a prototype box that 

included temperature control and SOA current and phase shifter bias electronics. 

The couplers in the experimental devices have shown splitting ratios deviated from 

the ideal 50:50 ratio, closer to 40:60. The effect of this unbalancing is a reduction of the 

Unsaturated gain G0 26 dB 

Saturation power parameter Ps 8.6 dBm 

Carrier lifetime τs 70 ps 

Carrier-carrier scattering time τSHB 0.12 ps 

Temperature relaxation time τH 0.48 ps 

Nonlinear gain suppression due to spectral hole burning εSHB 1.17 W
-1

 

Nonlinear gain suppression due to carrier heating εCH 1.95 W
-1

 

Alpha factor from carrier depletion αN 3.5  

Alpha factor from carrier heating αCH 0.94  
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on/off ratio at the MZI-SOA output. However, this can be contravened by using phase 

shifters in the MZI-SOA arms [5], which are featured in the experimental device. It is 

expected however, that future MZI-SOA devices will have splitting ratios closer to 50:50, 

due to the use of multi-mode interferometers (MMI), instead of directional couplers [6]. 

Hence, in the simulation it is considered that the coupling ratio is the ideal 50:50, but phase 

shifters are not considered. The experimental method of biasing the MZI-SOA that is 

described in the next subsection ensures that the MZI-SOA is properly biased to optimise 

the non-inverting output of the wavelength converter. 

 

 

Fig. 3.1: Dual MZI-SOA device used to obtain experimental results. A ribbon of 8 fibres enters the MZI-

SOAs on the left (4 fibres per MZI-SOA, 2 control and 2 interferometric inputs), and a ribbon of 4 fibre exits 

on the right (2 fibres per MZI-SOA, all interferometric outputs). 
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Fig. 3.2 Dual MZI-SOA chip schematic. Solid lines represent optical waveguides, while dashed lines 

represent electrical connections. PS represents the phase shifters, T represents the thermistor, and the shaded 

area with diagonal lines represents the Peltier cell. V1,2,3,4 represents the voltages applied to the phase shifters 

and i1,2,3,4 denote currents applied to the SOAs. VT is the voltage created by a thermocouple and iT is the 

current applied to the Peltier cell. 
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Fig. 3.3 MZI-SOA driving box. The MZI-SOA sits in the middle of the box. The temperature control, SOA 

bias and phase shifter bias electronics board is on the right, and the power supply unit is on the left. The front 

plate contains the interface dial, numerical display, and the input (8) and output (4) fibre connectors. 
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Fig. 3.4 SOA gain at 1550 nm as a function of the driving current. The gain is measured at the input and 

output facets of the MZI-SOA. The lines are guides for the eyes. 

 



             Optical Processing Devices and Techniques for Next Generation Optical Networks 

 

 65 

The SOA becomes faster at higher currents [7] and hence the highest possible 

operating current was used. The datasheet allows a maximum current of 400 mA per 

device, but a safety margin of 50 mA has been applied. Therefore, the SOA current was set 

to 350mA and will be kept fixed in all upcoming experimental tests. Also, no performance 

improvement has been noticed when increasing the current from 350 to 400 mA. 

Moreover, less cooling effort from the Peltier cell was required at 350 mA due to less SOA 

heating. 

The SOA gain has also been measured as function of the wavelength at 1550 nm 

and at the C band limits (1530 and 1560 nm). These measurements are presented in Fig. 

3.5, and with the ASE profile of the SOAs in Fig. 3.6, they provide a good indication on 

the spectral capabilities of the gain of the SOAs. It can be observed that the maximum gain 

is around 1560 nm, while the -3 dB bandwidth of the ASE power ranges from 49 to 54 nm. 

For operation in the C band, the SOA gain should be maximum near the band centre so that 

the gain difference between the maximum and minimum gain within the C band is 

minimized. 

The SOA model used in this work does not explicitly depend on the wavelength. In 

40 Gb/s simulations with 64 samples per bit, the simulation window spans 2.56 THz, 

which is about 20 nm at 1550 nm. Around plus and minus 10 nm of the considered 

operation wavelength of 1550 nm, the gain does not vary significantly and therefore the 

gain can be considered constant in the simulations. However, at higher bitrates and thus 

larger simulation windows, the gain might not be constant enough for this approximation 

to hold. As it will be seen shortly, at bitrates higher than 40 Gb/s the MZI-SOA is not 

capable of wavelength conversion within reasonable penalty margins, and therefore the 

wavelength independent gain approximation can be used. Still, the SOA modelling can 

capture the effect of operation at different wavelengths by using the measured unsaturated 

gain at each wavelength. In that situation, not only the gain changes, but also the gain-

phase coupling, or alpha factor, changes [8]. However, wavelength dependence will not be 

addressed in this work. Studies on wavelength dependence can be found elsewhere [8, 9]. 
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Fig. 3.5 SOA gain as a function of the wavelength. The gain is measured at the input and output facets of the 

MZI-SOA. The lines are guides for the eyes. 
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Fig. 3.6 Optical spectra of SOA generated ASE.  

 

The SOAs’ gain is now plotted in Fig. 3.7 as a function of the input CW laser 

power, both for the experiment and simulation. First of all, it can be noticed that the SOA 

gain in the MZI-SOA chip is around 10 dB smaller than the SOA unsaturated gain 

simulation parameter. This is due to the 3 dB losses per coupler at two couplers plus a Y 

junction, and 1 dB of additional excess loss due to waveguide loss. It should be noted that 
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the SOA unsaturated gain of 26 dB already includes the fibre to chip coupling loss and 

therefore this additional loss is not added to the SOA gain in MZI-SOA chip. 

As for the dependence of the gain saturation on the input power, there is a good 

match between the experimental and simulation results, even if the experimental curves 

show a more distinct separation between the unsaturated and the saturated regime at 

around -15 to -10 dBm of input power. The simulation curve shows a much smoother 

transition between these two regions and the slope difference between the unsaturated and 

saturated regimes is also not as large as in the experimental results. The reason for this 

discrepancy is the mathematical model of gain saturation inside the SOA, since the 

numerical parameters do not change the slope of the curve of gain saturation. 

The characterization of the SOA is of immense importance but also of great interest 

is the power transfer curve of the MZI-SOA. The static switching capabilities of the MZI-

SOA were also investigated by using a CW beam at the interferometric port, acting as a 

probe, and another CW beam of variable power at the control port, acting as the saturating 

pump. The MZI-SOA transmissivity was obtained by measuring the power exiting at both 

output ports of the MZI-SOA and normalizing it to its maximum value. Transmissivity 

values and not absolute power values are presented so that the effect of insertion losses of 

additional components such as optical filters, isolators, etc., is removed. Indeed, the 

important variable for the MZI-SOA operation description is the transmissivity and not the 

absolute power, since, typically, there will be an amplifying stage such as an EDFA at the 

SOA output to control the power to the next stage of an optical processing circuit. The 

MZI-SOA transmissivity results are plotted in Fig. 3.8 for the two output ports of the MZI-

SOA and for both the experiment and the simulation. There is a reasonable match between 

simulation and experiment which will now be analysed. At small pump powers, the non-

inverting port transmissivity is very low and increases until it reaches a maximum value. 

Afterwards, as the pump power continues to increase, the transmissivity starts to decline. 

The maximum of the transmissivity of the non-inverting port is attained when the phase of 

the probe in MZI-SOA arms is such that, at the output, the waves travelling in both MZI-

SOA arms interfere constructively with the same phase. If the pump power is different than 

the one required to attain this phase condition, the constructive interference is no longer 

perfect and therefore the output power declines. The exact opposite happens at the 

inverting output port of the MZI-SOA. When the phase between both interferometer paths 
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is such that at the output destructive interference occurs, the transmitted power is 

minimum. Whenever this phase condition is not achieved, the transmitted power is larger 

than the minimum. The minimum transmissivity predicted by the simulation is 5 dB lower 

than the observed one in the experiment. This is mainly due to the polarization effects and 

coupler asymmetry that are not modelled in the simulation. Even in the simulation there is 

still some light transmitted at the minimum transmission due to the gain unbalancing of the 

SOAs in the interferometer arms. The experimental and the simulation curves also differ in 

about 1 dB on the power at which the minimum/maximum transmissivity is found for the 

inverting/non-inverting ports. This is attributed to the discrepancy observed between the 

SOA gain saturation curves of Fig. 3.7 and also on the alpha factor, which is only an 

approximate value, and furthermore, this alpha factor model is approximate has received 

criticisms due to its linear approximation nature [10]. The same reasons also explain the 

difference between the experimental and simulation curves in the region of transition from 

low to high transmissivity of the non-inverting output. 
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Fig. 3.7 SOA gain measured at the MZI-SOA input and output facets, i.e. including coupler and guide loss. 

The dotted lines are guides for the eyes. 
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One other discrepancy between the experimental and simulation observations is the 

behaviour of the non-inverting output at very low powers. Whereas the simulation foresees 

an ever decreasing transmissivity for decreasing pump powers, in the experiment, the 

transmissivity reaches a plateau which bounds the minimum transmissivity attainable for 

this output port. This is typical of a Mach-Zehnder interferometer structure, where the 

destructive interference condition is limited by the polarization of the signals, and mainly 

amplitude balancing between both arms. 
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Fig. 3.8 Static power transfer function of the MZI-SOA: transmissivity as a function of the applied switching 

power on the control port, for both MZI-SOA output ports. The lines are guides for the eyes. 

 

Furthermore, in the case of active interferometers (with amplifiers) such as the 

MZI-SOA, the SOAs generate SOA which contribute to a power floor at the MZI-SOA 

output port that cannot be removed. All these factors were not considered in the simulation 

model and hence the simulation forecasts ideal null transmissivity in the absence of pump 

power. 

Even though the match between the simulation and experimental curves is not 

perfect, this characterization is enough to draw some useful conclusions. First of all, due to 

the very asymmetric operation of the inverting and non-inverting ports of the MZI-SOA, 

and specifically due to the very low on/off ratio of the inverting port, the operation of the 



Chapter 3 Format and wavelength conversion in MZI-SOA  

 70 

MZI-SOA as a switch will be severely impaired. This topic will be studied more 

thoroughly in chapter 5. 

As for the applications of the MZI-SOA that involve only one output port, such as 

wavelength conversion, the MZI-SOA performance is promising. Keeping in mind that the 

transfer function analysed so far is static, for an input signal with ‘1’ at 2 dBm and ‘0’ 

level at -6 dBm, thus having 8 dB of extinction ratio, the output converted signal will have 

an extinction ratio of 10 dB or 9.5 dB, considering the experimental or simulation transfer 

function, respectively. The increase of extinction ratio of the converted signal relatively to 

the input signal is in particular one of the main interests in these devices due to the 

possibility of increasing the signal quality. 

The next sections of this chapter will study the dynamic performance of the MZI-

SOA to exploit it as a wavelength and format converter. 

 

3.3 Dynamic MZI-SOA characterization 

 

After the static gain characterization, the dynamic properties of the MZI-SOA are 

now investigated in this section. Conversion of NRZ and RZ signals was performed at 

bitrates from 5 to 80 Gb/s both in the push-pull and non push-pull configurations. 

Experimental eye diagrams have been obtained and compared to the simulation eye 

diagrams as a complement to the previous static SOA and MZI-SOA characterization. The 

OSNR penalty was then calculated by simulation to assess the maximum bit rate at which 

the MZI-SOA can operate for a maximum given OSNR penalty. 

The generic wavelength conversion setup is shown in Fig. 3.9 and a picture of the 

respective experimental setup is shown in Fig. 3.10. It contains a CW laser beam that is fed 

to the interferometric input port through attenuator ATT1 and then through a polarization 

controller (PC) and an isolator (ISOL) to avoid reflections and consequent lasing in the 

SOA. 

Several different transmitters were used that produced either NRZ or RZ signals at 

different bitrates. Details of the transmitter are presented in Appendix C. The transmitter 

output signal is input to a power coupler that divides it into the two control ports. Before 

each control port there is an attenuator (ATT2 and ATT3) and before the pull control port 

(#2) there is also a variable optical delay line (VODL). When control port #2 is connected, 
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the MZI-SOA is operated in push-pull mode. Otherwise, if non push-pull mode is desired, 

control port #2 is disconnected. By definition, the control signal power is the power that is 

input to the coupler in front of the transmitter in Fig. 3.9. 
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Fig. 3.9 Wavelength and format conversion setup to obtain eye diagrams and determine the BER of the MZI-

SOA converted output. 
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Fig. 3.10 Picture of the experimental setup to perform wavelength conversion in the MZI-SOA. OBPF – 

optical band pass filter; ISOL – isolator; PC – polarization controller; ATT – Variable attenuator; VODL – 

Variable optical delay line. IN and CW represent the ingress points of the signal to be wavelength converted 

and the CW beam, respectively, and OUT represents the egress point of the wavelength conversion output 

signal. 
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The MZI-SOA output is first passed through an isolator before being filtered by a 

130 GHz bandwidth optical pass-band filter to reject the original control signal and also 

ASE noise. The output is connected to the BER tester, oscilloscope, or optical spectrum 

analyser (OSA). In this picture, the MZI-SOA is outside the MZI-SOA control box 

because the equipment was still in development stage. 

The simulation setup mimicked the experimental setup except for the isolators and 

the polarization controller. No isolators are needed, since the models consider forward 

propagation only. Also, the polarization controller is not necessary in the simulation since 

only one polarization is considered. Thus, it is important to keep the polarization correctly 

aligned in the experiment to avoid the effects of polarization dependent gain/loss and 

delay. 

The binary sequence size is 2
7
=128 bits, as it was the best compromise between 

computational time and accuracy, according the study presented in Appendix D. 64 

samples per bit are used, which is again a compromise between computational time and 

accurate description of the pulse temporal profile (1.6% of the bit time). 

For the BER measurements of the following sections, the photoreceiver is modelled 

as an ideal square law device followed by a low pass 3
rd

 order Bessel filter with a 

bandwidth of 87.5% of the bit rate at -3dB. At 40 Gb/s the bandwidth is 35 GHz, which 

matches well the experimental characterization. 

Often, the performance of the input signal will be referred to as back to back, since 

it is obtained by bypassing the wavelength converter and directly connecting the 

transmitter to the BER tester through an optical filter properly tuned to the signal 

wavelength. 

 

Operating the MZI-SOA device requires a number of optimisations such as the 

phase shifters voltage, polarization, input powers of the interferometric signal, control 

signal (push and pull, if applicable) and delay of pull signal. A blind search of the optimum 

operation point of these parameters is not effective and therefore an algorithm has been 

derived to locate the best operating point. 

First, without any control signal, the power at the output of the MZI-SOA was 

minimized by scanning the voltage of the phase shifters and the polarization of the CW 

beam. It was observed that for minimum MZI-SOA transmissivity, the phase shifter 
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voltage in combination with polarization control was always the same, so it was kept 

constant in all tests, except for minor fine adjustments. Still, due to polarization drift, the 

polarization of the interferometric signal had to be adjusted to minimize the transmitted 

power in every test run. The CW beam power was set to be as high as possible as the 

equipment and safety recommendations would allow, working as a holding beam [11]. 

Then, the control signal would be connected. If non push pull mode was used, the 

power of the control signal would be varied between 0 and -10 dB relatively to the power 

of the interferometric signal. The chosen control power was the one that maximized eye 

opening or minimized the BER, if applicable. Later on, the power optimisation will be 

explored with greater detail. If the push-pull mode was employed, the same power rule was 

adopted to the push signal, while the power of the pull signal would be typically 5-8 dB 

lower. The delay would be typically 50 to 70% of the bit period, e.g. 12.5 to 17.5 ps at 

40Gb/s. Then a search would be run over these three parameters, with the same 

optimisation criteria as in the non push-pull mode. 

It was observed that the polarization of the control signal did not impact 

significantly the performance of the wavelength conversion, due to the low polarization 

dependent gain (PDG) of the SOAs of less than 1 dB. On the other hand, changing the 

polarization of the CW beam fed to the interferometric input port after the initial setting 

changed the extinction ratio of the output signal. Hence, the polarization of the 

interferometric signal was used as a fine tune. 

In the simulation, as mentioned before, there are no phase shifters and only one 

polarization is modelled. Therefore, the optimisation process becomes simpler, but, still, 

the powers of the signal and the delay and attenuation of the pull arm must be optimised. 

The algorithm to obtain these parameters is explained hereafter. 

The delay and attenuation of the pull arm have been varied in order to obtain the 

value that minimizes the BER. In the non push-pull configuration, the control power 

determines the conversion performance once the probe power is fixed. However, in the 

push-pull configuration, there is interplay between the control power, and the delay and 

attenuation of the pull arm. It is impractical to scan all three simulation parameters and so, 

the following methodology is adopted to optimise the performance. The delay is varied, 

and for each delay, the control power is also varied, because the optimum power depends 

on the delay. The delay that results in the lowest BER at the optimum control power is 
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chosen. Then, with fixed delay, the attenuation is scanned, again also scanning the control 

power. The attenuation that minimizes the BER is chosen as the optimum one. Then, the 

delay is again varied to ensure that, for the optimum attenuation, the optimum delay has 

not changed. It is verified that convergence to the correct minimum is achieved. 

The optimum values are 15 ps of delay and 6.4 dB of attenuation at 40 Gb/s, which 

will be used to obtain the forthcoming results. For other bit rates, the delay was scaled 

accordingly.  

The wavelength conversion performance will now be investigated for different bit 

rates. In the following experimental results, the power was optimised on the basis of the 

eye diagram only, since BER measurements were not performed. A more accurate power 

dependence investigation will be done afterwards. Wavelength conversion of 10 and 20 

Gb/s NRZ signals was performed without the push-pull configuration and the eye diagrams 

are presented in Fig. 3.11 and Fig. 3.12, respectively. There is a good match between the 

shape of the experimental and simulation eye diagrams. The experimental 10 Gb/s eye 

diagram shows less patterning than the simulated eye diagram in the ‘0’ level. This is 

attributed to polarization effects that are not modelled in the simulation. As mentioned 

before, due to the interferometric process, the polarization setting impacts the power that is 

transmitted in the absence of control signal. Therefore, in the “0”, the polarization setting 

plays a significant role in the eye diagram shape and hence the match between experiment 

and simulation is worse. As for the temporal behaviour, at 10 Gb/s, bit patterning starts to 

be observed due to the gain recovery of the SOAs, while at 20 Gb/s the eye closure due to 

patterning is already significant. Wavelength conversion in these conditions but at a bit rate 

of 40 Gb/s produced a closed eye diagram at the output, as could be expected by the eye 

diagrams at 20 Gb/s. Thus, the MZI-SOA operation without the push-pull configuration is 

limited to a bit rate of 20 Gb/s. 

For that reason, the push pull configuration was employed in order to achieve 

acceptable operation at higher bit rates. 40 Gb/s operation was also attempted with the 

push-pull configuration and the NRZ format. However, the NRZ format is not suitable for 

the push pull configuration and again very considerable eye closure was observed as the 

Fig. 3.13 shows. In these conditions the match between the experiment and simulation is 

significantly deteriorated. Both the experimental and simulated eye diagrams show 

broadened bit transitions due to strong bit patterning, but the experimental eye diagram 
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shows a very low extinction ratio. The power offset of the ‘0’ could not be removed by 

polarization adjustment and is believed to be due to ASE noise. It should be noted that due 

the limited gain recovery speed, the SOA acts as a low pass filter. In other words, higher 

frequencies are wavelength converted in the SOA with less efficiency when compared to 

lower frequencies. The purpose of the push-pull and interferometer structure is to reduce 

the amplitude of the low frequencies relatively to the higher frequencies of the SOA 

wavelength converted signals. This is achieved by ‘subtracting’ the converted pull signal 

from the converted push signal. However, as the bit rate increases, higher frequencies are 

converted with decreasing efficiency relatively to the lower frequencies. In order to 

compensate for this, low frequencies need to be subtracted to a larger extent. 

Consequently, since more power is subtracted to the push-arm signal as the bit rate 

increases, less power is outputted from the MZI-SOA. As a result, the conversion power 

efficiency is penalized and the signal to noise ratio of the output signal decreases. 
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Fig. 3.11 Experimental (left) and simulated (right) eye diagrams of wavelength conversion of a 10 Gb/s NRZ 

signal without push-pull.  
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Fig. 3.12 Experimental (left) and simulated (right) eye diagrams of wavelength conversion of a 20 Gb/s NRZ 

signal without push-pull.  
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Fig. 3.13 Experimental (left) and simulated (right) eye diagrams of wavelength conversion of a 40 Gb/s NRZ 

signal using the push-pull configuration.  
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Fig. 3.14 Experimental (left) and simulated (right) eye diagrams of wavelength conversion of a 40 Gb/s RZ 

signal using the push-pull configuration.  
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Fig. 3.15 Experimental (left) and simulated (right) eye diagrams of wavelength conversion of an 80 Gb/s 

NRZ signal using the push-pull configuration.  

 

Changing the modulation format to RZ, with a duty cycle of 50%, significantly 

improved the performance of the wavelength conversion, which can be attested by the eye 

diagrams in Fig. 3.14. With an RZ pulse format, the push pull mode of operation can be 
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fully exploited as explained in Chapter 2. In this case, the output eye diagram shows very 

little bit patterning effects with double traces for bit transitions, depending on the previous 

bit value. Encouraged by the good performance at 40 Gb/s, 80 Gb/s operation was also 

tried. However, the 80 Gb/s transmitter suffered from stability problems, particularly in the 

bit rate multiplier (see Appendix C) and therefore the transmitter output was impaired by 

crosstalk between neighbouring pulses. As a consequence, the power of adjacent pulses of 

the transmitted signal depended on the delay and phase difference between the pulses, 

which explain the unevenness of the power of adjacent bits in the wavelength converted 

eye diagram in Fig. 3.15. Apart from that, although the MZI-SOA was capable of 

producing an eye diagram, very broad bit transitions and occurrences inside the 

eyediagram were observed due to the very significant bit patterning. 

To better assess the wavelength conversion capabilities of the MZI-SOA at the 

different bit rates and configurations, the OSNR penalty was calculated through 

simulation. Since different bit rates are to be compared, a common OSNR reference would 

not be suitable. Therefore, for each bit rate and experimental condition (signal format and 

differential or non-differential configuration) the presented OSNR penalty is the difference 

between the required OSNR of the MZI-SOA output and input signals. 

The results are plotted in Fig. 3.16 and are grouped in three curves. The first was 

obtained with a NRZ signal and the push-pull mode was not used. The second curve is still 

for a NRZ signal but now using the push pull configuration. For the last curve the pulse 

format is RZ and the configuration was differential. The results corroborate the 

conclusions drawn from the eye diagrams previously shown. Clearly, the differential mode 

outperforms the non differential mode and is practically unavoidable for bit rates larger 

than 10 Gb/s. Also, the RZ format does better than NRZ, allowing wavelength conversion 

at a bit rate of 40 Gb/s with a penalty of about 1.2 dB. Although an open eye diagram had 

been obtained at 80 Gb/s, the wavelength conversion penalty is at about 3.6 dB, which is 

too large for any practical application and is believed to underestimate the experimental 

penalty. The RZ with push-pull curve shows a floor of OSNR penalty at -1.5 dB at 15 – 20 

Gb/s and for larger bit rates the penalty steadily increases. At low enough bit rates, the 

conversion penalty is negative, which means that the signal quality is actually improved. In 

this case, the input signal is not impaired, but the MZI-SOA is augmenting the extinction 

ratio by removing the power in the ‘0’ by reshaping the signal. Decreasing even more the 
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bit rate would not additionally improve the signal quality since the power in the ‘0’ has 

already been removed to a great extent. However, for larger bit rates, the gain recovery 

speed limitation introduces ever increasing bit patterning. This result leads to the 

conclusion that wavelength conversion of an RZ signal in the MZI-SOA is limited to 40 

Gb/s, with a penalty of 1.2 dB. The bit rate limitation of a NRZ signal is more severe, with 

a penalty of 1.9 dB at 20 Gb/s. The push-pull configuration is always superior to the non 

push-pull mode configuration and, henceforth, the differential mode will always be used. 
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Fig. 3.16 OSNR penalty due to wavelength conversion in a MZI-SOA for NRZ input using the differential 

and non-differential mode and RZ input using the differential mode as a function of the signal bit rate. The 

lines are guides for the eyes. 

 

3.4 Format conversion to CW beam 

 

In the previous section, the MZI-SOA maximum operation bit rate was established 

to be 40 Gb/s. In this section, a more detailed study of the wavelength and format 

conversion will be done, using a CW beam at the interferometric input of the MZI-SOA. 

Format conversion is obtained when the MZI-SOA output signal does not have the same 

format as the input signal. The following formats will be fed to the MZI-SOA: RZ, carrier-

suppressed RZ (CS-RZ) and NRZ. The powers of the input signal and CW beam strongly 
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determine the conversion performance and therefore this section will be dedicated to its 

analysis. 

The dependence on the input powers will now be investigated for the RZ format, 

with 50% duty cycle. The OSNR has been fixed at 14.5 dB and the BER has been 

calculated for a wide range of interferometric and control input powers. The attenuation of 

the pull arm was set to 6.4 dB and the delay is 15 ps, as these are optimum values. The 

results are presented in Fig. 3.17 as a contour plot. It can be seen that higher power of the 

CW beam at the interferometric input enhances the wavelength conversion performance. 

This is known as the holding beam technique where the presence of a beam makes the gain 

recovery faster at the expense of reducing the SOA gain [11]. 
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Fig. 3.17 Contour plot of log10(BER) of a 40 Gb/s RZ wavelength converted signal in the MZI-SOA. The 

abscissa and ordinate are, respectively, the powers at the control input and interferometric CW input. The 

dashed line is an approximation of the power at control input that minimizes the BER for a given 

interferometric input power. 

 

Another conclusion to be drawn is that there is an optimum control signal power 

that minimizes the BER. The dependence of the optimum control signal power is 

approximately linear on the CW beam power and is expressed as 
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cont intP a b P= + ×  (4.1) 

where Pcont and Pint denote the powers at the control input and interferometric inputs, 

respectively, in dBm, and a and b are fitting parameters. The fitting parameter values are 

presented in Table 3-2. Since similar fittings were performed for other modulation formats, 

Table 3-2 encompasses the fitting parameters of all the studied conditions. For the 

particular case of the RZ format, this expression means that under these simulation 

conditions the signal power that minimized BER should be about 60% of the power of the 

CW beam (in dB), plus 1 dB. 

 

Table 3-2 Fitting parameters of the optimum control power as a function of the interferometric input power, 

for CW and short pulse interferometric inputs and RZ, CS-RZ and NRZ modulation formats. 

Interferometric 

input 

Modulation 

format 
a b 

RZ 1.09 0.57 

CS-RZ 1.09 0.66 CW 

NRZ 1.87 0.62 

RZ 2.10 0.41 

CS-RZ 2.05 0.42 Short pulse 

NRZ 3.27 0.49 

 

The BER was also measured experimentally in the same OSNR and pull attenuation 

and delay conditions, as a function of the control signal power, for two CW beam powers. 

The CW beam power was set to 4.3 dBm, which was the maximum attainable value in the 

experiment, and then decreased 1 dB to 3.3 dBm. The experimental results are plotted in 

Fig. 3.18, as well as the simulation results, for comparison. Both the simulation and 

experimental curves show a V-shape trend. The power of the control signal at which the 

BER is minimum is well predicted by the simulation in comparison to the experiment, but, 

away from the minimum, the simulation significantly underestimates the BER. For the CW 

power of 4.3 dBm, the optimum control signal power is 4 and 4.5 dBm for the simulation 

and the experiment, respectively, whereas the practical rule found before predicts a power 

of 3.5 dBm. Analysing the curves for a CW power of 3.3 dBm, the optimum control signal 

power is 3 dBm for both the simulation and the experiment, whereas the practical rule 

predicts a power of 2.8 dBm. The practical rule slightly underestimates the optimum 

control signal power, but its precision is good enough for a starting point for a posterior 

finer tune of the control signal power. So as to explain the discrepancy between simulation 

and experimental results for the remaining regions of the V-shaped curves, the simulated 
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eye diagrams are shown for 4.3 dBm of CW power and the two control power extremes: 0 

and 10 dBm. At these powers, the eye diagram shows bit patterning, especially for 10 dBm 

of control signal power. It should be noted that the match between simulation and 

experiment is much better for higher control signal powers than for lower powers relatively 

to the optimum power. The strong patterning effects due to incomplete gain recovery 

occurring at high power predicted by the simulation were also observed in the experiment, 

which corroborates the simulation prediction. However, at lower power, the simulation 

predicts a much better performance than the one found in the experiment. The problem at 

low powers is that the signal does not have enough power to open the MZI-SOA switch. In 

the simulation, the ‘0’ state is biased with great precision, and a very low output power is 

obtained in the ‘0’ state. Therefore, a small power is enough to alter the MZI-SOA state to 

a ‘1’. However, in the experiment, the ‘0’ state is already transmitting a more significant 

amount of power and hence more control signal power is required to commute the MZI-

SOA to a ‘1’ state. One other reason could be the shape of the gain saturation curve of Fig. 

3.7 and the power transfer curve of Fig. 3.8. While the simulated curve is much smoother, 

the experimental curve has two distinct gain saturation regions. Consequently, in the 

simulation, the SOA operation is less sensitive to the absolute input power, whereas in the 

experiment, for actual SOA saturation and switching, the power must lie beyond a given 

threshold, which is related to the transition between the unsaturated and saturated regimen.  
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Fig. 3.18 Middle: BER of wavelength conversion of a 40 Gb/s RZ signal as a function of the control signal 

power, for two different interferometric powers (3.3 and 4.3 dBm). Full lines and symbols denote 

experimental data whereas dashed lines and empty symbols denote simulation data. The lines are guides for 

the eyes. Left and right: simulation eye diagrams of the wavelength conversion output for a CW power of 4.3 

dBm and 0 and 10 dBm of control signal, respectively. 

 

Note that the power required to saturate the SOA in the determination of the gain 

saturation curve of Fig. 3.7 is not comparable to the powers in a wavelength conversion 
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experiment, since in the wavelength conversion the probe beam has significant power that 

also saturates the SOA, acting as a holding beam. 

The performance sensitivity to the control signal power has also been obtained from 

this data. It is defined as the power range where the BER is up to 10 times larger than the 

minimum BER. From the experimental data, the sensitivity to the control signal power was 

2.7 and 2.9 dB for 4.3 and 3.3 dBm of CW power, respectively. The acceptable power 

range for 3.3 dBm is larger than for 4.3 dBm, since the minimum BER is larger and the V-

shaped curve is more open. Due to the discrepancies of the V-shaped curve enounced 

before, the simulation completely misses the correct sensitivity to the control signal power, 

with calculated values between 6 and 7 dB. 

The wavelength conversion OSNR penalty will now be determined, using -4.3 dBm 

of CW power and optimum control signal power. Instead of using the ideal noiseless 

receiver as was done to obtain the results of Fig. 3.18, now it is considered that the receiver 

has a sensitivity of -3 dBm at 40 Gb/s, for an infinite extinction ratio NRZ signal and a 

BER of 10
-9

, to better match the experimental findings. This sensitivity encompasses all 

the noises generated by the receiver and also the subsequent noise and impairments from 

the parallel BER tester, such as from the demultiplexing stage and discriminator. Also, in 

the experiment, a very long binary sequence of 2
31

 bits was used, which give rise to 

temporal effects that are not modelled accurately in the simulation. These effects are 

accounted for in the simulation by the sensitivity of the receiver as a practical way, even 

though this is a rather imperfect description of these effects. The extinction ratio of the RZ 

input signal is 15 dB. 

The BER has been both measured experimentally and calculated by simulation and 

is plotted in Fig. 3.19, for both the RZ input signal and the wavelength conversion output.  

The comparison between the experimental and simulation curves shows good 

agreement, except for the input signal curve, also called back to back curve, at very low 

BER. The discrepancy is most likely caused by intersymbolic effects due to the long 

sequence used in the experiment which are not properly modelled in the simulation, as 

mentioned. At high BER the optical noise dominates and the simulation can describe its 

effect with adequate accuracy, while at high OSNR other effects start to dominate, and 

therefore the simulation description might lack accuracy. 
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Taking the required OSNR values for a BER of 10
-10

, the back to back simulation 

deviates -0.6 dB from the experiment, while for the wavelength conversion output, this 

deviation is 0.1 dB. Considering the penalty of the wavelength conversion, i.e. the 

difference between the OSNR of the wavelength converted signal and the back to back 

signal, the experimental penalty is 3.0 dB, while the simulation predicts 3.7 dB, mainly due 

to the discrepancy of the back to back curve. The origin of the 3.0 dB of penalty can be 

seen in Fig. 3.20, where the experimental and simulated eye diagrams are shown. Bit 

patterning is evident both at the ‘0’ and ‘1’ levels, causing the observed penalty. Fig. 3.20 

also shows the experimental and simulated optical spectra of the wavelength converted 

signal.  
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Fig. 3.19 BER experimentally measured (full symbols) and calculated by simulation (open symbols) for the 

RZ input signal (diamonds) and the wavelength conversion output (squares) as a function of the OSNR at the 

receiver. The lines are guides for the eyes. 

 

The spectra show a typical spectrum of a RZ signal with chirp, noticeable by the 

asymmetry of both side lobes and sub-carriers. The experimental spectrum shows greater 

asymmetry than the simulated spectrum, most likely due to stronger phase-amplitude 

coupling in the SOA than anticipated, or improper modelling [10]. One other difference is 

the small undulation of the simulation spectrum that does not appear in the experimental 

spectrum. The reason behind this undulation is the small bit sequence size of 2
7
= 128 bits, 

while in the experiment the sequence size is 2
31

 bits. In the simulation, due to the small 

sequence size, small chunks of data are repeated often and therefore there are specific 
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frequencies that have more power in the spectrum. Both experimental and simulated 

spectra were taken with a resolution of 0.01 nm.
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Fig. 3.20 Simulated (top) and experimental (bottom) eye diagrams (left) and optical spectra (right) of a 

wavelength converted RZ signal to a CW beam. The optical spectra resolution is 0.01 nm. 

 

The same study of the BER performance of the wavelength conversion as a 

function of the input power was also done for a CS-RZ formatted control signal. The CS-

RZ format is of great interest to long-haul optical transmission links due to its higher 

tolerance to nonlinear effects [12]. In the CS-RZ format, the pulse carver (see Appendix C) 

both suppresses the optical carrier by introducing a pi phase difference between 

consecutive bits and shapes the pulses to the RZ format. Hence, as the SOA gain (and 

therefore the MZI-SOA operation) is dependent only on the input signal power and not 

signal phase, it is expected that the MZI-SOA operation will be similar to the operation 

with the RZ format. However, the MZI-SOA modulates only the amplitude of the 

incoming CW laser beam with some chirp and the pi phase difference in consecutive bits is 

not restored. Therefore, the format of the MZI-SOA wavelength converted signal is not 

CS-RZ anymore, but, instead, it is RZ. So, when operated with the CS-RZ (or another 
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format with phase management), the optical processing operation in the MZI-SOA is 

effectively a wavelength and format conversion rather than a wavelength conversion alone. 

Nonetheless, the data is correctly imprinted on the probe wavelength, enabling optical 

processing at subsequent stages. Fig. 3.21 shows the simulated and experimental spectra 

and eye diagrams of the CS-RZ converted signal. The spectrum of the converted signal is a 

typical spectrum of a RZ signal and not CS-RZ anymore, as the signal now clearly has an 

optical carrier. The eye diagrams show some bit patterning in both the ‘0’s and ‘1’s. As it 

will be seen, these patterning effects translate into worse BER and OSNR penalty 

performance when compared to the RZ format. 

The optimum operation powers of the CW beam and control signal will now be 

investigated as it was also done for the RZ format. The BER results are presented in Fig. 

3.22, which were obtained in the same conditions as for the RZ signal format, at a fixed 

OSNR of 14.5 dB.  
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Fig. 3.21 Simulated (top) and experimental (bottom) eye diagrams (left) and optical spectra (right) of the 

output of the wavelength conversion of a CS-RZ signal to a CW beam. The optical spectra resolution is 0.01 

nm. 
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It can be observed that the same general conclusion can be drawn for the CS-RZ 

format as for the RZ-format, which is expectable due to the similar pulse shape, although 

the duty cycle is different. Again, it is beneficial to increase the CW beam power according 

to the holding beam technique. Within the investigated range of powers it is also possible 

to define the region of control signal powers that minimizes the BER. Again, the optimum 

control signal power depends approximately linearly on the CW beam power and Eq. (4.1) 

can be used once more. The fitting parameters were already presented in Table 3-2. 

Comparing the fitting parameters relative to the CS-RZ input signal to those of the RZ 

input signal, only the proportionality factor increased from 0.56 to 0.66. In other words, the 

CS-RZ wavelength conversion requires more control signal power than the RZ wavelength 

for optimum performance, for the same CW beam power. It should be noted that the CS-

RZ format, due its larger duty cycle, has less peak power than the tested RZ, for the same 

average power. Therefore, the CS-RZ format, when compared to the RZ format, needs 

more average power to achieve the same peak power, SOA gain saturation and MZI-SOA 

switching transmissivity. 
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Fig. 3.22 Contour plot of log10(BER) of wavelength conversion of a 40 Gb/s CS-RZ signal in the MZI-SOA 

as a function of the powers at the control input and interferometric CW input. The dashed line is an 

approximation of the power at control input that minimizes the BER for a given interferometric input power. 
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The simulation predictions of the optimum control powers were also compared to 

the experiment for CW beam powers of 4.3 and 3.3 dBm and the results are plotted in Fig. 

3.23. The dependence of the BER on the control signal power is the familiar V-shaped 

curve and again it is observed that, for powers away from the optimum control signal 

power, the BER is higher in the experiment than in the simulation. Naturally, the reason for 

this discrepancy for the CS-RZ is the same as in the case of the RZ. However, for the CS-

RZ format the optimum control signal power is underestimated by 1 – 1.5 dB. Whereas the 

simulated optimum power are 3 dBm and 4 dBm, respectively, for the 3.3 and 4.3 dBm 

input powers, the experimental results indicate optimum control powers of 4.5 and 5 dBm. 

Furthermore, the minimum BER is overestimated in the simulation by about 1.5 and 1 

orders of magnitude for the 4.3 and 3.3 dBm CW beam powers, respectively. 
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Fig. 3.23 Middle: BER of wavelength conversion of a 40 Gb/s CS-RZ signal as a function of the control 

signal power, for two different interferometric powers (3.3 and 4.3 dBm). Full lines and symbols denote 

experimental data whereas dashed lines and empty symbols denote simulation data. The lines are guides for 

the eyes. Left and right: simulation eye diagrams of the wavelength conversion output for a CW power of 4.3 

dBm and 0 and 10 dBm of control signal, respectively. 

 

The BER was also measured as a function of the OSNR for both the input signal 

and the wavelength converted output, which results are plotted in Fig. 3.24. The CW beam 

and control signal powers were set at 4.3 and 4.5 dBm, the same as in the RZ case. 

Comparing the simulation and experimental curves shows that the trends in both cases are 

very similar, even though the curves have some offset. For a BER of 10
-10

, the required 

OSNRs for the input signal are 13.1 and 13.6 dB for the experiment and simulation, 

respectively, while for the converted signal they are 16.5 and 17.7 dB, respectively, for the 

experiment and simulation. Hence, the penalty, or difference of required OSNR, due to the 
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conversion is 3.4 and 3.9 dB for the experiment and simulation, respectively. The obtained 

values for the RZ signal were 3 and 3.7 dB in the same conditions. 
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Fig. 3.24 BER experimentally measured (full symbols) and calculated by simulation (open symbols) for the 

CS-RZ input signal (diamonds) and the wavelength conversion output (squares) as a function of the OSNR at 

the receiver. The lines are guides for the eyes. 

 

The increase of penalty and larger BER at the optimum input powers when using 

the CS-RZ signal relatively to the RZ is due to the larger duty cycle of the CS-RZ 

compared to the RZ signal. There is less time with no power between each pair of pulses 

for pulses with larger duty cycle. Hence, after the pulse disappears, there is less time for 

the SOA to recover from saturation before the next pulse arrives. Consequently, the gain 

experienced by the following pulse will be more influenced by the previous pulse for 

signals with larger duty cycle than for signal with smaller duty cycle, even though the 

differential mode is applied to cancel some of the slow gain recovery. The impact of the 

input signal duty cycle on the performance will be studied in greater detail in section 3.6. 

As it was seen in the previous section, the wavelength conversion performance for 

the NRZ format is worse than for the RZ format. A more detailed study is now presented. 

The study previously done for the RZ format and CS-RZ format is presently done for the 

NRZ. Again, in the same conditions as the other formats, the OSNR has been fixed at 14.5 
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dB and the BER was calculated by simulation as a function of the input control signal and 

CW beam powers. The results are shown in Fig. 3.25. As expected, the BER improves for 

larger CW powers, and the optimum control signal power depends approximately linearly 

on the CW beam power.  
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Fig. 3.25 Contour plot of log10(BER) of wavelength conversion of a 40 Gb/s NRZ signal in the MZI-SOA as 

a function of the powers at the control input and interferometric CW input. The dashed line is an 

approximation of the power at control input that minimizes the BER for a given interferometric input power. 

 

The fitting parameters for Eq. (4.1) are again presented in Table 3-2. Although the 

fitting parameters are very similar to the parameters of the RZ and CS-RZ modulation 

formats, the value of the optimum BER is significantly larger for the NRZ format than for 

the RZ and CS-RZ formats. This agrees with the preliminary simulation study, whose 

results were plotted in Fig. 3.16. As a matter of fact, when the wavelength conversion was 

attempted experimentally, the BER tester was not able to synchronize with the signal and 

therefore it was not possible to obtain experimental BER measurements. Therefore, Fig. 

3.26, that presents the plot of BER versus the OSNR at the receiver results, misses the 

experimental curve of the wavelength converted signal. It can be observed in the BER 

simulation curve of the wavelength converted signal that there is an error floor, which 

explains why the BER tester could not acquire the signal clock. Typically, the BER tester 

would be able to synchronize first to a good quality signal that is progressively impaired, 
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allowing measurements of BER up to 10
-2

. However, when the signal is very impaired 

from the beginning of the test, the BER tester is not able to perform a BER measurement.  
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Fig. 3.26 BER experimentally measured (full symbols) and calculated by simulation (open symbols) for the 

NRZ input signal (diamonds) and the wavelength conversion output (squares) as a function of the OSNR at 

the receiver. The lines are guides for the eyes. 
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Fig. 3.27 Simulated (top) and experimental (bottom) eye diagrams (left) and optical spectra (right) of the 

output of the wavelength conversion of a NRZ signal to a CW beam. The optical spectra resolution is 0.01 

nm. 
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The eye diagrams and spectra obtained in the experiment and simulation are shown 

in Fig. 3.27. The spectra are typical of a NRZ signal, but the eye diagrams show that the 

quality of the signal is very bad, with significant bit patterning and reduced extinction 

ratio, confirming the BER results. 

 

3.5 Format conversion to short pulse beam 

 

Up to this point, wavelength and format conversion has always been performed in 

the MZI-SOA using a CW beam at the interferometric port. However, several optical 

processing applications require short pulse format signals, as seen in Chapter 2. The CW 

beam will now be replaced by a pulsed laser beam to perform data conversion to short 

pulses, as depicted in Fig. 3.28. The pulsed laser beam is produced by a mode locked laser 

(MLL), synchronous to the input signal bit rate. The MLL output is fed to the MZI-SOA 

through a variable optical delay line to control the delay between the short pulses and the 

control signal, and additionally through a polarization controller, attenuator and isolator, as 

in the CW beam case. In the simulation, the short pulses were modelled as having 

Gaussian shape and a full width at half maximum (FWHM) of 4 ps, which match well the 

experimental observations. The experimental and simulation characterization of the MLL 

output is presented in Fig. 3.29, with the eye diagrams and spectra in both cases. 
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Fig. 3.28 Setup to perform wavelength and format conversion to short pulses in the MZI-SOA. 

 

The power optimisation procedure was repeated as before for the CW beam case 

and a RZ signal at the control input. The eye diagrams, optical spectrum and BER curves 

were then acquired. For the BER evaluations, because of the good operating capabilities of 

the MZI-SOA with RZ format, the extinction ratio of the incoming signal was deliberately 

reduced to 10 dB. The power optimisation plot is presented in Fig. 3.30. Similarly to the 
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CW case, the optimum control signal power is linearly dependent on the interferometric 

input power and Eq. (4.1) can be used once again. The fitting parameters are again in Table 

3-2. Comparing to the CW case, it can be seen that the fitting parameters changed, which is 

expectable due to the very different nature of the probe beam. In fact, it was noticed that 

for different delay and attenuation of the pull arm, there is an optimum probe beam power, 

unlike the dependence of Fig. 3.30. In this case, increasing the probe power does not 

always yield better performance. This phenomenon was also observed in the experiment. 
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Fig. 3.29 Simulated (top) and experimental (bottom) eye diagrams (left) and optical spectra (right) of the 

output of the short pulse MLL output. 

 

The eye diagrams and spectra of the MZI-SOA output are presented in Fig. 3.31. 

The first difference to be noted from the conversion of the RZ signal to a CW beam is that 

now the output pulses are much narrower, as expected, due to the use of the short pulses at 

the interferometric input port. Still, the eye diagrams again show bit patterning effects on 

the ‘1’ level. Regarding the optical spectra, it is very broad because of the short duration of 
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the pulses. The experiment revealed a broader and more asymmetric spectrum than in the 

simulations, most likely due to the stronger chirp and self phase modulation than 

considered in the simulation. 

The BER results from both the simulation and experiment are plotted in Fig. 3.32 as 

a function of the OSNR at the receiver, for the incoming RZ signal and for the short pulse 

output signal. Again, taking the required OSNR to attain a BER of 10
-10

, the OSNR for the 

back to back, or input control signal, is 14 and 14.6 dB for the experiment and simulation, 

respectively. For the short pulse converted signal, the required OSNR is 13 dB for both the 

experiment and simulation. Hence, the short pulse conversion penalty is -1.0 and -1.6 dB, 

respectively, for the experiment and simulation. A negative penalty indicates that even 

though bit patterning is introduced, the signal is actually improved from the input to the 

output signal. The increase in quality of the signal is attributed solely to the very short duty 

cycle of the output signal. It is known that for the same average power, shorter duty cycle 

signals have a larger vertical eye opening at the sampling instant and therefore have better 

performance than larger duty cycle signals.  
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Fig. 3.30 Contour plot of log10(BER) of wavelength conversion of a 40 Gb/s RZ signal in the MZI-SOA as a 

function of the powers at the control input and interferometric pulsed input. The dashed line is an 

approximation of the power at control input that minimizes the BER for a given interferometric input power. 
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Fig. 3.31 Simulated (top) and experimental (bottom) eye diagrams (left) and optical spectra (right) of the 

MZI-SOA conversion output when operated with a RZ control signal and pulsed probe beam. The optical 

spectra resolution is 0.01 nm. 
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Fig. 3.32 BER experimentally measured (full symbols) and calculated by simulation (open symbols) for a RZ 

input signal (diamonds) and the wavelength conversion output (squares) as a function of the OSNR at the 

receiver. The lines are guides for the eyes. 
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The format of the input signal was now changed from RZ to CS-RZ format and the 

power optimisation and BER measurements were repeated, as well as the spectrum and eye 

diagram acquisitions. The extinction ratio was also set to 10 dB. Fig. 3.33 presents the 

simulated BER values as a function of the interferometric and control input power. The 

conclusions for the CS-RZ format are the same as for the RZ format. The fitting 

parameters of the linear dependence of Eq. (4.1) are in Table 3-2 which are very similar to 

the values for the RZ signal. 

The eye diagrams and optical spectra are shown in Fig. 3.34, where, again, bit 

pattern effects are present in the ‘1’ level, and now, also on the ‘0’ level. Once more, the 

experimental optical spectrum is more asymmetric and broad than in the simulations, due 

to the aforementioned reasons. 
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Fig. 3.33 Contour plot of log10(BER) of wavelength conversion of a 40 Gb/s CS-RZ signal in the MZI-SOA 

as a function of the powers at the control input and interferometric pulsed input. The dashed line is an 

approximation of the power at control input that minimizes the BER for a given interferometric input power. 
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Fig. 3.34 Simulated (top) and experimental (bottom) eye diagrams (left) and optical spectra (right) of the 

MZI-SOA conversion output when operated with a CS-RZ control signal and pulsed probe beam. The optical 

spectra resolution is 0.01 nm. 

 

As for the BER results, these are shown in Fig. 3.35, as a function of the OSNR at 

the receiver. The match between the experiment and simulation is quite good, with the 

BER agreeing within 0.5 orders of magnitude, except for the curves of the converted signal 

at low BER. In this region the experimental curve shows significantly worse performance. 

The required OSNR for a BER of 10
-10

 is 15.2 and 13.8 dB for the experiment and 

simulation, respectively, so there is a 1.4 dB of difference between the curves. This 

discrepancy is attributed to the different size of sequences used in the experiment and 

simulation. In the experiment, the sequence is very large and hence contains sub sequences 

that do not occur in the simulation, for example a long stream of ‘0’ or ‘1’. These long 

streams, although rare, might cause severe bit patterning affecting the MZI-SOA operation 

and hence one occasional bit error. In the simulation, the sequence does not contain these 

long streams and therefore there rare events are not observed. For the back to back curve, 

the OSNR is 16.2 and 16.6 dB for the experiment and simulation, respectively. In this case, 

the difference of 0.4 dB could be explained by an extinction ratio mismatch in the 

experiment and simulation. The penalties due to the conversion are -1.0 and -2.8 dB for the 
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experiment and simulation, respectively. Since the discrepancies that have been explained 

before in both back to back and converted curves accumulate, the resulting difference in 

penalty is quite large. Still, the OSNR penalty is clearly negative, indicating an 

improvement in signal quality which is again related to the shorter duty cycle of the 

converted output signal. 

Afterwards, the CS-RZ format was replaced by the NRZ format. In the experiment 

of the wavelength conversion using a CW beam at the interferometric port, there was an 

error floor and hence, for the wavelength conversion using a short pulse laser beam at the 

interferometric port, the extinction ratio was kept at the previous value of 15 dB. 

The BER results as a function of the interferometric and control input powers of 

Fig. 3.36 show precisely that the BER for this format is significantly higher than that for 

the RZ and CS-RZ formats. Still, the linear dependence of Eq. (4.1) of the optimum control 

signal power on the interferometric beam power is observed. The fitting parameters 

(shown in Table 3-2) have changed somewhat relatively to the RZ and CS-RZ, due to the 

particular and significantly worse performance of the conversion of a NRZ signal.  
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Fig. 3.35 BER experimentally measured (full symbols) and calculated by simulation (open symbols) for a 

CS-RZ input signal (diamonds) and the wavelength conversion output (squares) as a function of the OSNR at 

the receiver. The lines are guides for the eyes. 
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Fig. 3.36 Contour plot of log10(BER) of wavelength conversion of a 40 Gb/s NRZ signal in the MZI-SOA as 

a function of the powers at the control input and interferometric pulsed input. The dashed line is an 

approximation of the power at control input that minimizes the BER for a given interferometric input power. 
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Fig. 3.37 Simulated (top) and experimental (bottom) eye diagrams (left) and optical spectra (right) of the 

MZI-SOA conversion output when operated with a NRZ control signal and pulsed probe beam. The optical 

spectra resolution is 0.01 nm. 
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The eye diagrams and optical spectra of the conversion output are displayed in Fig. 

3.37. The bit patterning is present once more at the ‘1’ level, and now very significantly in 

the simulation in the ‘0’ level. In the experiment, the ‘0’ level also shows some bit 

patterning, but more evident is the low extinction ratio, which is due to the non-idealities 

of the real MZI-SOA that are not modelled in the simulation, such as the polarization 

effects. 

As for the BER measurements, they are shown in Fig. 3.38, as a function of the 

OSNR at the receiver, for both simulation and experiment, and for both the back to back 

input signal and the converted output signal. It is noteworthy that in this case of the 

conversion to short pulses the converted curve does not show a BER floor and a BER as 

low as 10
-11

 was measured. There is a good agreement on the trend of the experimental and 

simulation curves for the back to back signal as it had been observed for the conversion to 

the CW beam. At a BER of 10
-10

, the OSNR of the back to back curves are 17.6 and 16.6 

dB, while for the converted signal they are 19.9 and 16.2 dB, for the experiment and 

simulation, respectively. The curves for the converted signal have a poor match, with 3.7 

dB of difference on the OSNR at a BER of 10
-10

. Through simulation it is predicted that 

there is a slight improvement on the required OSNR when converting a NRZ signal to 

short pulses, while experimentally it was observed significantly worse performance. In 

terms of penalty, the experimental and simulated values are 2.3 and -0.4 dB. The 

discrepancy of these values is attributed to the over-performance predicted by the 

simulation. Recalling the case of conversion of the CS-RZ signal to short pulses, the very 

long streams of ‘0’ and ‘1’ caused increased experimental BER when compared to the 

simulation, in the low BER region. In the case of NRZ, the duty cycle is even larger that in 

the case of the CS-RZ and therefore the MZI-SOA copes more hardily with long streams 

of ‘1’ and ‘0’. Moreover, the MZI-SOA will have problems even for not so long streams of 

‘1’ and ‘0’ that are contained in the experimental sequence, but not in the simulation one. 

Therefore it is expectable that the experimental BER is larger than the simulated BER, 

even for the larger BER region. 

When the conversion penalty values are compared to the NRZ conversion to a CW 

beam, there is still a big improvement, but when compared to the negative penalties 

obtained for the RZ and CS-RZ conversion to short pulses, it is again evident the 

unsuitableness of the MZI-SOA to convert the NRZ format at 40 Gb/s. 
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Fig. 3.38 BER experimentally measured (full symbols) and calculated by simulation (open symbols) for a 

NRZ input signal (diamonds) and the wavelength conversion output (squares) as a function of the OSNR at 

the receiver. The lines are guides for the eyes. 

 

3.6 Performance dependence on the pulse shape 

 

Although the simulation is not capable of providing accurate results on every 

condition studied, it has been capable of providing useful qualitative insight on the 

performance of the MZI-SOA performance as a wavelength and format converter. 

Therefore, in this section, the simulation will be used to investigate the effect of the pulse 

shape, described by the extinction ratio and the duty cycle of the input signals, on the 

performance of the wavelength conversion. The pulse width of the probe beam also plays a 

role on the conversion performance and therefore it will also be investigated in this section. 

The results presented in this section and in the following chapters were obtained 

considering a noiseless receiver, i.e. only optical noise, and not electrical noise, as opposed 

to the results in the two former sections. 

When the extinction ratio of the incoming signal changes, the gain experienced 

either by the ‘1’ and/or ‘0’ will also change, according to the power transfer function of 

Fig. 3.8. More specifically, when the extinction ratio of the input signal is reduced, the 

powers of the ‘1’ and ‘0’ levels of the input signal come closer. As a result, the 

transmissivity for the ‘1’ and ‘0’ levels will also become closer and consequently, the 
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output extinction ratio will also diminish. As for the effect of the duty cycle, it was 

observed in the previous section that the larger the duty cycle, the worse is the 

performance. A more formal study on this matter will be pursued in this section. 

The results of the impact of the extinction ratio on the quality of the output 

converted signal are presented in Fig. 3.39 and Fig. 3.40 for the conversion to a CW beam 

and to a short pulse beam, respectively.  

The first remark, for both interferometric beams, is that the format with lowest 

required OSNR both in back to back and after wavelength conversion is the RZ format, 

followed by the CS-RZ and finally the NRZ. It should be kept in mind though, that the 

simulation overestimates the performance of the wavelength conversion of the NRZ 

format, as observed in the previous section. 
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Fig. 3.39 Required OSNR for a BER of 10
-10

 as function of the extinction ratio of the signal input to the MZI-

SOA for the input signal (B2B) and wavelength conversion output signal (WC) when converting to a CW 

beam and for the following formats at the input: RZ, CS-RZ and NRZ. The lines are guides for the eyes. 

 

Relatively to the dependence on the extinction ratio, the required input signal 

OSNR (back to back) obviously increases when the extinction ratio of the input signal 

decreases. The results show also that the required OSNR of the wavelength converted 

signal (WC) also increases as the extinction ratio of the input signal decreases which 

means that wavelength conversion in the MZI-SOA is sensitive to the input extinction 
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ratio. This is a direct consequence of the fact that the power transfer curve of Fig. 3.8 is 

smooth and not step-like. Still, the required OSNR dependence on the input extinction ratio 

is stronger for the input signal than for the MZI-SOA wavelength converted output signal. 

The difference of the required OSNR at the extinction ratios of 10 and 15 dB will now be 

analysed, i.e. how much more OSNR is needed in the case of the input signal with 10 dB 

of extinction ratio compared to the input signal with 15 dB of extinction ratio. The 

difference of the OSNR is about 1.8 dB for all the back to back signals, independently of 

the format. However, for the wavelength converted signal, it depends on the modulation 

format. Considering conversion to a CW beam, the values are 1.1 dB, 1.1 dB, and 1.3 dB 

for RZ, CS-RZ and NRZ formats, respectively. For the conversion to a short pulse beam, 

the following OSNR differences were observed: 0.9 dB, 1.0 dB, and 1.3 dB for the RZ, 

CS-RZ and NRZ formats, respectively. The OSNR difference is always lower for the 

output converted signal (1.1 dB in average) comparing to the input signal (1.8 dB for all 

cases).  
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Fig. 3.40 Required OSNR to attain a BER of 10
-10

 as function of the extinction ratio of the signal input to the 

MZI-SOA for the input (B2B) and wavelength conversion output (WC) signals when converting to a short 

pulse beam and for the following formats at the input: RZ, CS-RZ and NRZ. The lines are guides for the 

eyes. 

 

Consequently, furthermore to the reduced required OSNR of the wavelength 

converted signal relatively to the input signal in the case of the conversion to a pulsed 
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beam, it is beneficial to use the wavelength conversion in the MZI-SOA as a way to reduce 

the sensitivity to the extinction ratio. 

The required OSNR values for the analysed modulation formats were sorted by the 

duty cycle and plotted in Fig. 3.41. It is well known that the smaller the duty cycle of a 

given pulse, the lower OSNR is required for a given BER. Fig. 3.41 shows precisely this 

behaviour for the back to back signal, but also for the converted signal. It should be 

remarked that these results were obtained using a short pulse beam at the interferometric 

input. Thus, the output pulse width is fairly constant independently of the pulse format at 

the control input, since the output pulse width is mainly defined by the width of the probe 

pulses at the interferometric input port. Hence, the required OSNR of the converted signal 

plotted in Fig. 3.41 isolates the effect of the duty cycle of the input signal on the 

conversion performance. Consequently, the observed increase of the required OSNR for 

the converted signal for increasing duty cycles is due to the growing bit patterning arising 

from the SOA slow gain recovery that has been already discussed when analysing the 

conversion of the CS-RZ and NRZ formats.  
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Fig. 3.41 Required OSNR for the input signals (B2B) and MZI-SOA conversion output signals (WC) as a 

function of the duty cycle of the input signals for a) 15 dB of extinction ratio and b) ideal (infinite) extinction 

ratio. The lines are guides for the eyes. 

 

Besides the already studied formats NRZ, RZ, and CS-RZ with duty cycles of 

100%, 50%, and 67%, respectively, Fig. 3.41 also presents the RZ, the alternate mark 

inversion with RZ pulse format (AMI-RZ) and the optical duobinary (ODB) with duty 
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cycles of 33%, 38% and 100%, respectively. The details of the transmitters of the AMI-

RZ, ODB and RZ with 33% duty cycle are presented in Appendix C. The duty cycle values 

here presented are the full width at half maximum expressed as a percentage of the bit 

period, and were measured in the eye diagram. The eye diagrams of the input signals are 

shown in Fig. 3.42 for reference and comparison. It can be seen that there is a definite and 

clear trend of the required OSNR as a function of the signal duty cycle. In fact, the 

dependence of the converted signal on the duty cycle shows a very similar trend as for the 

input signal. The slight deviations of the main trend of the AMI-RZ and ODB formats is 

due to the slight skew of the AMI-RZ pulses and low crossing point of the ODB pulses. At 

this point, it should, however, be recalled that the simulation predicts better performance of 

the large duty cycle signals (NRZ) than the experimentally observed performance and this 

might apply also to other large duty cycle pulse formats. 
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Fig. 3.42 Simulated eye diagrams of a) NRZ, b) RZ with 50% duty cycle, c) CS-RZ, d) duobinary, e) RZ 

with 33% duty cycle, and f) AMI-RZ formatted signals, with infinite extinction ratios. 

 

The duty cycle and extinction ratio of the control signal have been varied with the 

purpose of investigating the impact of the control signal shape on the performance of the 

conversion. However, the shape of the light pulses fed to the interferometric input of the 

MZI-SOA also plays an important role on the conversion performance. The enormous 

difference of performance when using the CW or the pulsed beam is an extreme example. 
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Therefore, the width of the pulse fed to the interferometric input has been varied and the 

required OSNR of the converted signal has been calculated by simulation and plotted in 

Fig. 3.43. The required OSNR for the input signal is also shown for comparison, but, 

evidently, it does not depend on the pulse width of the short pulse beam. 

Contrasting with the dependence of the performance on the duty cycle of the input 

signal, the required OSNR does not always increase for increasing pulse widths. Indeed, 

for very low pulse widths, the required OSNR also increases. The increase of required 

OSNR for larger pulse widths is easy to explain by the larger duty cycle of the converted 

signal, which, at the receiver, will need more power to attain the same peak power as the 

signals with narrower pulses. However, for very small pulse widths, this effect has smaller 

impact than the increasing bit patterning effects observed in the eye diagram. In fact, the 

operating conditions of the MZI-SOA were optimised for a pulse width of 4 ps, and when 

the pulse width becomes significantly smaller, carrier heating and spectral hole burning 

start to have a larger effect on the signal rather than the carrier depletion alone. Therefore, 

the optimum operating conditions change for very short pulse widths. Hence, to take best 

profit of very short pulse widths, input signal powers should be optimised on purpose. 
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Fig. 3.43 Required OSNR for the input signals (B2B) and MZI-SOA conversion output signals (WC) as a 

function of the full width at half maximum of the short pulse fed to the interferometric input of the MZI-

SOA. The lines are guides for the eyes. 
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3.7 Conclusions 

 

The results presented in this chapter focus on the performance of the wavelength 

and format conversion in the MZI-SOA. Taking as a base of study the CIP MZI-SOA 

experimented in this work, a characterization of the SOA was done, and parameters for the 

simulation model were extracted. 

Using the simulation model and experimental observations, the maximum 

wavelength conversion bit rate using the push-pull configuration at a reasonable penalty is 

40 Gb/s. Without push-pull operation, the conversion performance is significantly worse, 

achieving a mere maximum bit rate of less than 20 Gb/s. 

Comparing the conversion using a CW or a pulsed probe, the latter shows much 

better performance, regardless of the modulation formats (RZ, CS-RZ, and RZ) employed 

in the control signal. Moreover, the pulsed beam operation enabled negative penalty 

conversions due to the short duty cycle of the output signal. The optimum powers for 

wavelength conversion were investigated and an approximate rule of the optimum signal 

power as a function of the interferometric power was derived. 

The duty cycle of the control signal has a major influence on the conversion 

performance, with larger duty cycles showing a worse performance. In fact, it has been 

observed that the duty cycle of the control signal determines, to the highest degree, the 

optimum conversion performance, regardless of existing phase management of the 

modulation format. The extinction ratio of the input signal also influences the performance 

of the wavelength conversion, but it was shown that the MZI-SOA converted signal 

reduces the performance dependence of the input signal on the extinction ratio due to the 

MZI-SOA reshaping capabilities. Finally, the pulse width of the probe beam also impacts 

the performance of the conversion. For large enough pulse widths, the performance is 

better for narrower pulses. However, for very narrow pulses, the balance between the 

phenomena contributing to the SOA saturation changes and re-optimisation of the 

operating powers is required. 

Summarizing, having in mind next generation optical networks, which are meant to 

be as flexible and transparent as possible, this chapter has characterized the operating 

conditions of the MZI-SOA working as a wavelength and format converter with different 

modulation formats, which results will be useful for the next chapter. 
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Chapter 4 Optical processing in the time and the 
wavelength domains 

 

Wavelength division multiplexing (WDM) technology is key in current optical 

transmission systems, enabling a large number of wavelength channels to be transmitted in 

the same optical fibre. However, due to the large increase in data traffic demand, more 

transmission capacity is required. Commercial systems are now employing 40 Gb/s per 

channel, and a strong demand for 100 Gb/s per channel is underway [1]. 

In the 100 Gb/s range, the electronic bandwidth bottleneck effect becomes 

significant and therefore electrical time domain multiplexing becomes impractical and 

other forms of multiplexing must be found. A possible solution is optical time division 

multiplexing (OTDM) that can provide grooming of lower bit rate signals to higher bit rate 

signals, circumventing the electrical bandwidth problem. 

OTDM can be particularly useful in the interface of different network hierarchies. 

While the network core operates at very high bit rates per wavelength channel, inferior 

network hierarchies are low bit rate. Hence, WDM to OTDM conversion might be helpful 

in the nodes that interface network hierarchies with different line bit rates. An example is 

shown in Fig. 4.1, where a core network with 120 Gb/s per channel is served by a 40 Gb/s 

per channel lower hierarchy network. In the edge nodes, which interface both network 

hierarchies, three WDM channels are aggregated to a single OTDM 120 Gb/s channel, 

while the reverse operation is performed in the opposite direction. 

Contrasting with optical circuit switching (OCS), optical packet switching (OPS) 

has been proposed to increase the efficiency of the network by reducing the switching 

granularity. The change from OCS to OPS presents a number of technological challenges, 

but also the great advantage of switching on a packet granularity. In the case of OPS, the 

concept of OTDM can be further extended and enhanced to packet compression. Whereas 

in OTDM several tributaries are time interleaved on a bit-by-bit basis, in packet 

compression the bit and packet durations are shortened and packets are multiplexed on a 

packet-by-packet basis. Hence, the fundamental switching unit of the network remains 
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unchanged, while the bit rate is effectively increased. An example of this architecture is 

shown in Fig. 4.2. 
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Fig. 4.1 Example of edge nodes of an optical network interfacing an OTDM core network and a lower 

hierarchy network using WDM. A, B, C, and D denote bits from different origins. 

 

In order to take full advantage of the packet switching paradigm, some OPS 

network architectures require packet schedulers to ensure low or no packet loss [2]. This is 

the case of the example of Fig. 4.2. A fundamental unit of the packet scheduler is the time 

slot interchanger (TSI), which function is to delay a packet by a selectable amount of time. 

The TSI allocates a given packet to the proper time slot before being multiplexed with 

other packets. 

The work disclosed in this chapter relates precisely to techniques that perform the 

functionalities just enounced. The capability of the MZI-SOA to operate as a basic block of 

larger circuits performing time domain processing will be assessed through experiments 

and simulation, making use of the investigations of the previous chapter. In particular, 

section 4.2 deals with the conversion of a wavelength multiplexed signals to time domain 

multiplexing. Next, packet compression and decompression are investigated in section 4.3. 

Then, in the following section, a TSI architecture is presented and its performance is 
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studied experimentally and by simulation. At the end, general conclusions are drawn on the 

presented optical circuits. 
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Fig. 4.2 Example of packet compression and decompression in edge nodes connecting a core network and a 

lower hierarchy network. A, B, C, D, E, F denote packets’ payloads from different origins, whereas h is the 

header for each payload. 

 

4.1 WDM to OTDM conversion 

 

OTDM to WDM systems have been proposed at the 100 Gb/s range, mainly using 

non-linear fibres [3, 4]. WDM to OTDM conversion has been performed in a fibre based 

nonlinear optical loop mirror (NOLM) from 4×10Gb/s channels to 40 Gb/s [5] and in an 

electro-absorption modulator (EAM) based wavelength converter by converting 3×20Gb/s 

channels to 60 Gb/s [6]. At higher rates, 4×40 Gb/s to 160 Gb/s conversion has been 

proposed using hybrid integrated periodically poled Lithium Niobate (PPLN) [7]. When 

compared with the fibre based and PPLN based processing devices, the MZI-SOA has the 

advantage of being an integrated device which is polarization independent and with a good 
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output power of the OTDM signal, while not requiring very high input powers, as 

overviewed in chapter 2. 

In this section, an all-optical scheme based on the MZI-SOA is proposed to convert 

three WDM channels at 40 Gb/s to an OTDM channel at 120 Gb/s. The three incoming 

WDM channels are wavelength converted to a local short pulse laser in three MZI-SOA 

gates. Each of the MZI-SOA gates is performing similarly to the work carried out in 

section 3.5. The MZI-SOA gates’ output is then passively multiplexed to 120 Gb/s. 

 

4.1.1 Operating principle 

 

The operating principle is as follows and is depicted in Fig. 4.3. Each of the three 

incoming 40 Gb/s WDM signals is fed to the control input of one MZI-SOA. The output of 

the laser that produces the short pulse beam is split in three parts and fed to the 

interferometric inputs of the three MZI-SOAs. Hence, the incoming signals are converted 

to short pulses, all at the same wavelength. The delays between the outputs of the three 

MZI-SOAs are then adjusted so that, when they are passively combined together in an 

optical combiner, each signal occupies the right 120 Gb/s signal time slot. 
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Fig. 4.3 Schematic of the MZI-SOA based WDM to OTDM converter. 

 

The described operating principle was implemented experimentally. The input 

signals to the MZI-SOA were 2
31

-1 PRBS 40 Gb/s RZ signals, with 50% duty cycle. In the 

outputs of the MZI-SOAs optical band-pass filters are used to transmit only the locally 

generated wavelength and eliminate the incoming WDM signals. The 120 Gb/s signal is 

demultiplexed to 40 Gb/s by an electro-absorption modulator (EAM) driven by an 

electrical clock signal at 40 GHz so that BER measurements could be made at 40 Gb/s. 
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The EAM switching window is modelled as having Gaussian shape and full width at half 

maximum of 6 ps. 

 

4.1.2 Results 

 

Both eye diagrams and optical spectra taken throughout the experiment are shown 

in Fig. 4.4. It can be seen that the incoming 50% duty cycle RZ WDM signal (Fig. 4.4 a)) 

is successfully wavelength converted to pulses with shorter duty cycle (Fig. 4.4 c)), due to 

the smaller duty cycle of the short pulse probe (Fig. 4.4 b)), as already described in the 

preceding chapter. As before, the converted signal shows some patterning effects in the 

“ones” level, due to the slow recovery time of the SOAs and the large duty cycle (50%) of 

the incoming RZ signal. The 120 Gb/s combined output of the three MZI-SOAs is shown 

in Fig. 4.4 d). The signals in Fig. 4.4 b), c) and d) have a bandwidth larger than the 

oscilloscope electrical bandwidth and therefore the eye diagrams are bandwidth limited by 

the oscilloscope. Recalling the results from section 3.5, the conversion OSNR penalty in 

this situation is -1 and -1.6 dB for the experiment and simulation, respectively. However, 

after combining the three outputs of MZI-SOAs, experimental BER measurements show a 

severe error floor at 10
-5

. 

The typical source of large BER penalties in OTDM signals is crosstalk between 

pulses [4], so the output signals of the MZI-SOAs were investigated by simulation. 

Gaussian shaped pulses with 4 ps of full width at half maximum were considered for the 

short pulse clock signal. In order to calculate an OSNR penalty, the simulation of 

interleaving the MZI-SOAs ouputs was repeated 1000 times with different phases between 

MZI-SOAs outputs to recreate the phase drifting observed in the experiment. It was 

verified that this number of simulation runs was enough to guarantee stable results, at 

moderate computation times. The simulated eye diagrams of the short pulse clock, the 

MZI-SOA wavelength converted signal and the 120 Gb/s multiplexed signal are shown in 

Fig. 4.5. The eye diagrams were taken without applying any electrical filtering. It is visible 

that the pulses of the wavelength converted output signal are broadened relatively to the 

short pulse probe signal fed to the MZI-SOA. This agrees with the observation that the 

optical spectra of the MZI-SOA output signal and 120 Gb/s multiplexed signal are 

narrower than the short pulse clock signal spectrum. The explanation behind this effect is 
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that the short pulse clock signal experiences less gain in the peaks and more gain in the 

tails due to self gain modulation in the SOAs. Hence, the tails are amplified relatively to 

the pulse peak and the pulse becomes broader. The widths of the wavelength converted 

optical pulses at 50% and 10% of the pulse maximum power were 5.2 and 9.4 ps, 

respectively, while the same widths of the input pulses were 4 and 7.4 ps, respectively. For 

comparison, the bit slot at 120 Gb/s spans 8.3 ps. Therefore the output signal pulse tails 

considerably overlap the neighbouring bit slots causing severe crosstalk and eventually the 

BER floor. Additionally, temporal, phase and polarization drifts between the three 40 Gb/s 

tributaries also contribute to an increased BER. 
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Fig. 4.4 Optical spectra (top) and eye diagrams (bottom) of a) incoming 50% RZ WDM signal, b) 40 GHz 

clock signal, c) RZ to short pulse wavelength converted signal and, d) 120 Gb/s OTDM multiplexed signal. 

The eye diagrams were obtained with a 65 GHz electrical bandwidth oscilloscope. The spectra resolution is 

0.01 nm. 
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Fig. 4.5 Simulated eye-diagrams of a) short pulse optical clock, b) MZI-SOA wavelength converted output 

and c) 120Gb/s OTDM multiplexed output signal. 
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Reducing the MZI-SOA input powers, and thus the self gain modulation, does 

reduce the pulse broadening, but at the expense of non-optimum operation and a lower 

output OSNR due to the amplified spontaneous emission (ASE) noise introduced by the 

SOAs. This trade-off has prevented error free operation of the WDM to OTDM converter. 

Clearly, the 4 ps pulses are too wide to be used in the WDM to OTDM converter, 

since the MZI-SOA broadens them. Fig. 4.6 shows the pulse width of the input and MZI-

SOA output converted signal, measured at 10% and 50% of the maximum pulse amplitude. 

The input signal has a width of about 1.9 times more at 10% than at 50% of the maximum, 

whereas for the output signal, this value is closer to 1.75. It is readily concluded that the 

MZI-SOA affects the pulse shape, in addition to the pulse width. Another conclusion is 

that the MZI-SOA broadens the shorter pulse widths more than the larger pulses, since the 

slope of the output curves is smaller than that of the input curves. This is because since the 

average input power of the pulses was kept constant, the shorter pulses have higher peak 

power and hence cause more self gain modulation in the SOAs. Therefore, shorter duty 

cycle pulses have their peak less amplified relatively to the tails and more broadening 

occurs than in the case of a broader pulse. Considering the limit of the bit slot at 120 Gb/s 

of 8.3 ps, it can be observed that pulses broader than 3.5 ps have their output pulse width at 

10% of the pulse maximum larger than 8.3 ps. This might indicate that at the eye centre, 

there is still significant crosstalk and, consequently, shorter pulses should be used. An 

OSNR study will be done later on to better assess the requirements on the pulse width. 
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Fig. 4.6 Pulse width of the input and output converted signal, measured at 10% and 50% of the pulse 

maximum, as a function of the full width at half maximum of the input signal. The dashed line at 8.3 ps 

represents the bit period at 120 Gb/s. The lines are guides for the eyes. 



             Optical Processing Devices and Techniques for Next Generation Optical Networks 

 

 117 

The incoming data signal was modulated with other modulation formats, but the 

former pulse broadening conclusions still hold. The results are presented in Fig. 4.7 for the 

additional NRZ and CS-RZ formats. The output pulse widths for these formats agree to a 

maximum deviation of 0.2 ps to the RZ format. This is an indication that the phenomenon 

governing the pulse broadening inside the MZI-SOA is the self gain modulation of the 

pulsed beam and not cross gain or phase modulation from the data signal. Although the 

output pulse width is rather similar for the different formats, the performance is quite 

different depending on the control signal format due to the patterning effects, as observed 

in section 3.5. Fig. 4.8 presents the required OSNR at the output of the MZI-SOA and after 

demultiplexing to 40 Gb/s the 120 Gb/s multiplexed signal. The results for the MZI-SOA 

converted output were already discussed in section 3.5, where the increase of required 

OSNR for narrower pulses was attributed to non-optimum powers due to the fast gain 

compression effects. For the 120 to 40 Gb/s demultiplexed signal, the required OSNR 

steeply increases for pulse widths larger than 3 ps, corroborating the previous conclusions 

that for broad pulses, there is significant crosstalk between adjacent pulses. Whereas for an 

input pulse width of 2 ps the penalty from multiplexing to 120 Gb/s is 1.1 dB for the NRZ 

format and 1.0 dB for the RZ and CS-RZ formats, for an input pulse width of 4 ps, the 

penalty is 3.6, 3.0 and 2.7 dB for the NRZ, RZ and CS-RZ formats, respectively. These 

penalty values are already too high for any practical application, and therefore the input 

pulse width should be limited to a maximum value of 3 ps, or 36% of the OTDM bit 

period. 

Since the WDM to OTDM conversion of three 40 Gb/s channels to one OTDM 

channel at 120 Gb/s requires very stringent pulse widths, it was attempted to multiplex two 

40 Gb/s channels to 80 Gb/s OTDM channel. The simulation setup was obtained from the 

one depicted in Fig. 4.3 by disconnecting one of the MZI-SOA branch and adjusting the 

delay of the remaining MZI-SOA, so that the two tributaries occupy the proper bit slot at 

80 Gb/s. All other parameters were kept fixed. The results are presented in Fig. 4.9. For 

short pulse widths, below 6 ps, or 46% of the bit period, the required OSNR of the 

demultiplexed signals is the same as of the MZI-SOA output signal, i.e. there is no penalty 

associated to the OTDM process. However, for pulse widths larger than 6 ps, the penalty 

starts to increase and for 7 ps of width, there is already a penalty of 1.4, 0.8, and 0.7 dB for 

the NRZ, RZ and CS-RZ formats, respectively. Again, this is due to the crosstalk between 



Chapter 4 Optical processing in the time and the wavelength domains  

 118 

neighbouring pulses of the OTDM signal. However, in the 80 Gb/s OTDM signal, the 

accepted pulse width is much larger than in the case of 120 Gb/s since the bit slot is now 

12.5 ps. 
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Fig. 4.7 Pulse width of the MZI-SOA output, measured at 10% and 50% of the pulse maximum, for NRZ, RZ 

and CS-RZ control signal formats, as a function of the probe pulse width. The dashed line at 8.3 ps represents 

the bit period at 120 Gb/s. The full lines are guides for the eyes. 
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Fig. 4.8 Required OSNR for the MZI-SOA converted output (WC) and for the 120 to 40 Gb/s demultiplexed 

signal (demux), as a function of the probe pulse width, for the NRZ, RZ and CS-RZ formats. The lines are 

guides for the eyes. 
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Fig. 4.9 Required OSNR for the MZI-SOA converted output (WC) and for the 80 to 40 Gb/s demultiplexed 

signal (demux), as a function of the probe pulse width, for the NRZ, RZ and CS-RZ formats. The lines are 

guides for the eyes. 

 

 

4.2 Packet compression and decompression 

 

The previous section dealt with OTDM to achieve higher bit rates in OCS 

networks. The present section presents a technique to achieve higher bit rate transmission 

in OPS networks. In OPS networks, the bit rate of each packet must be increased and 

therefore OTDM cannot be applied in a straightforward manner as in OCS. The optical 

scheme that increases the bit rate of optical packets is known as optical packet compressor, 

because it effectively compresses (reduces) the time duration of the packet. The optical 

packet decompressor performs the reverse operation. 

Optical packet compression and decompression schemes have been proposed, but 

usually incorporate electrically driven components such as electro-optic switches and 

modulators [8]. Therefore, these schemes are limited by the bandwidth of the electrical 

components and require electrical clock recovery. Other all-optical methods have used 

fibre based time-to-wavelength conversion [9], or the terahertz optical add-drop (TOAD) 

[10], but are bulky and require high optical powers. Therefore, an architecture of packet 

compression and decompression based on the MZI-SOA would bring the already 

mentioned benefits to these circuits. 
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It has been observed that existing methods that use optical delay line (ODL) 

structures to interleave packet replicas have significant drawbacks. In a previous solution, 

the output of the compressor is separated in time and therefore is not a unique compressed 

packet [10]. In another solution, the maximum packet size in bits is 2
M

, where M is the 

number of ODL stages in the ODL structure [8]. For a 1024 bits packet, 10 ODL stages 

would be necessary, which might not be feasible or practical. The ODL structure proposed 

here eases this problem by relating the number of ODLs to the bit rate compression ratio. 

Additionally, extant packet compressor and decompressor schemes have focused on 

intensity modulated formats, but, in this work, PSK formats will be used, since high bit 

rate optical networks are likely to adopt these formats. PSK formats allied to differential 

detection provide an enhanced optical signal to noise ratio, when compared with the 

intensity modulated (IM) formats, as well as more robustness against transmission 

impairments [11]. 

In this section, novel all-optical packet compressor and decompressor schemes 

based on MZI-SOAs are proposed, and their functionality is demonstrated by simulation. 

The packet compressor and decompressor operation is shown for a base baud rate of 10 

Gbaud/s and compressed baud rates of 20 and 40 Gbaud/s with quantum well SOA, and for 

a base baud rate of 40 Gbaud/s and a compressed baud rate of 160 Gbaud/s with quantum 

dot SOAs (QD-SOAs). Henceforth, MZI-SOA will denote an MZI structure with quantum 

well SOAs in its arms, whereas MZI-QDSOA will denote the same structure, but with QD-

SOAs instead of quantum well SOAs. One advantage of the proposed schemes is 

transparency to the phase encoded information, which will be demonstrated by using 

packets modulated with BPSK and QPSK formats. The impact on the performance of the 

compressor and decompressor pair of the packet size and pulse width will be addressed. 

Additionally, the cascadability of such devices is investigated and finally fabrication 

tolerances of delay and phase mismatch are assessed. 

 

4.2.1 Concept and architecture 

 

The conceptual operation of the packet compressor will now be explained. As multi 

bit per symbol formats will be used, the concept of bit rate compression should be replaced 

by baud rate compression. An example of the packet compressor architecture, for a four 
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fold baud rate increase, is shown in Fig. 4.10. The main idea is to interleave packet replicas 

to increase the baud rate. It is assumed that the incoming packets already have a reduced 

baud rate in order to prevent crosstalk between interleaved replicas. However, interleaving 

packet replicas produces repeated symbols that must be discarded properly. This packet 

compressor provides a single compressed packet at the output, improving on a drawback of 

a previous solution [10]. The packet compressor uses an ODL structure to passively 

increase the baud rate B by a factor of N (N = 4 in Fig. 4.10). The number of ODLs in the 

ODL structure is M=N. ODL k (k = 0, 1, 2, …, N – 1) introduces a delay of k(Tp/N + Ts/N), 

where Tp and Ts = 1/B are the packet and symbol duration, respectively. Hence, the ODL 

number is linked to the baud rate compression ratio and not the packet size, as in a 

previous architecture [8]. This packet compressor is suited for fixed packet duration. For a 

different packet length, the ODL delays must be adjusted accordingly. In Fig. 4.10, each of 

the four replicas is delayed by one fourth of the packet length plus one fourth of the 

symbol slot duration at the base baud rate. Hence, when the packet replicas overlap at the 

ODL structure output, the interleaved symbols are spaced according to the new symbol 

duration, Ts/N. After interleaving the packet, the time interval in which all packet replicas 

overlap must be selected and the symbols outside this interval must be discarded. This is 

achieved by generating a gating signal that is a clock with the duration of a packet length 

and frequency equal to N×B. The gating signal will afterwards be used as the switching 

control signal in a MZI-SOA gate, to switch only the appropriate symbols in an optical 

switch. 

With this setup, the symbol sequence in the resulting high baud rate packet is not 

the original one, but it is restored when the packet is decompressed back to the original 

baud rate. It should be remarked that no restrictions have been imposed on N. It has to be a 

natural number, but it is not required that N is a power of 2, as typically assumed. 

However, it is beneficial that Tp/(TsN), i.e. the number of symbols in the packet is a 

multiple of the compression ratio N so that the packet is truly compressed N-fold. If this 

condition is not fulfilled, the effective compression ratio is less than N. Consider, for 

instance, that the packet of Fig. 4.10 had 7 symbols instead of 8 symbols, or in other 

others, the 8
th

 symbol is void. The compressed packet would be still be 8 symbols long, 

with a blank symbol in the middle. Thus, the effective compression ratio would be 7/2=3.5, 
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since the original packet is 7 symbols long (7×Ts) and the compressed packet has the 

length of 8 compressed symbols (8×Ts/4). 

The decompressor conceptual operation is schematized in Fig. 4.11, assuming that 

the incoming packet was compressed by the packet compressor just described. It uses the 

same ODL structure as the compressor. The ODL structure produces replicas delayed by 

the compressed packet duration plus one symbol at the baud rate N×B. To recover the 

original packet, it is enough to demultiplex the ODL structure output at a rate equal to the 

uncompressed baud rate B, starting at the N
th

 symbol. The clock signal to be used as 

demultiplexing signal can be obtained from an optical sub-harmonic clock recovery 

subsystem. The demultiplexing clock signal then acts as a control signal in an optical 

demultiplexer gate. 

The packet compressor and decompressor circuits have, however, one drawback. 

They cannot operate with an uninterrupted stream of incoming packets, requiring guard 

bands between packets. In the case of the packet decompressor, this requirement stems 

from a fundamental reason. As the output baud rate is N times lower than the baud rate of 

the incoming packet, the output packet length is N times larger than the input packet. A 

direct consequence is that the packet decompressor can only receive compressed packets 

every Tp. Conversely, the guard time between compressed packets is (N-1)×Tp/N. As for 

the packet compressor, as long as the packet beginning and ending are clearly delimited, 

there is no fundamental requirement on the required guard band, since the output baud rate 

is larger than the baud rate of the input packet and hence the output packets are shorter 

than the incoming ones. However, this particular packet compressing architecture produces 

packet replicas which span up to one packet duration after the incoming packet. Hence, the 

packet compressor can only compress packets arriving every 2×Tp, or, equivalently, the 

guard band time for the packet compressor is Tp. 
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Fig. 4.10 Four-fold packet compressor operating principle.  
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Fig. 4.11 Four-fold packet decompressor operating principle. 

 

The implementation of the packet compressor based on the MZI-SOA will now be 

presented. It is depicted in Fig. 4.12, with some oscilloscope traces obtained in the 

simulation, using 10 Gbaud/s packets and a four-fold compression ratio. This figure 

replaces the generic boxes of Fig. 4.10 with MZI-SOA devices and other auxiliary 

components. Interconnecting EDFAs are not shown. The gating signal is obtained with the 

MZI-SOA in the following way. One first device operates the seemingly typical 

wavelength conversion of the incoming packet onto a local CW laser beam. Yet, since the 

packet format is PSK, the wavelength converted output is just a clock signal, without the 

phase information, with the same duration as the original packet. The functionality is the 

same the PED circuit presented in Chapter 2, for an intensity modulated RZ packet. A 

second MZI-SOA gate is now used to shorten the clock signal duration. The original 

packet is used as the control signal, which is delayed relatively to the clock signal of Tp(1-

1/N), so that only the last 1/N of the clock signal is switched to the MZI-SOA output. The 

shortened clock signal is then passively multiplexed N times, resulting in a clock signal 

with duration Tp/N and repetition rate N×B. This is the desired repetition rate and duration 

of the future compressed packet. Only the phase encoded data is missing. 

It should be emphasized that the first MZI-SOA is required in order to have a clock 

signal at a different wavelength from the incoming packet. The explanation follows. For 

the packet formatter stage, the phase information encoded in the clock signal is irrelevant 

and therefore a packet replica could be used instead of the clock signal as the control 

signal. However, the second MZI-SOA gate in the gating signal generator section and the 

MZI-SOA at the packet formatter require that the signals fed to the control and 

interferometric gates have different wavelengths. Otherwise, it would not be possible to 

separate at the output the desired probe signal from the pump signal. 
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Fig. 4.12 Four fold MZI-SOA based all-optical packet compressor. The insets show simulated oscilloscope 

traces of the packet signal at various stages of the compressor. The incoming packet baud rate is 10 Gbaud/s 

and the horizontal scale is 400 ps/division. 

 

The decompressor implementation with MZI-SOA gates is presented in Fig. 4.13. 

The first step is to expand the incoming packet by interleaving it in a delay line structure 

identical to the one previously used in the packet compressor. More details about the 

requirements of the ODL structures of the compressor and decompressor are discussed in 

Appendix E. The output of the ODL structure is then passed to the only active block in this 

circuit that is the packet demultiplexer. A single MZI-SOA gate, with the help of a mode-

locked laser (MLL), performs this functionality. The MLL synchronizes its output to the 

incoming packet and a clock signal at a sub-multiple frequency of that of the incoming 

packet [12, 13]. The sub-multiple frequency should match the baud rate of the 

decompressed packet B. In this work, since the focus is not on clock recovery, the MLL is 

considered ideal, producing pulses at the desired rate with 10 ps of pulse width, no jitter 

and instantaneous frequency locking to the signal. The sub-multiple frequency clock signal 

is fed to the MZI-SOA gate as a control signal that switches every N
th

 symbol of the 

expanded packet. The baud rate of the packet is hence reduced by a factor of N, and the 

symbols are re-ordered according to the original packet data. 
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Fig. 4.13 Four-fold MZI-SOA based all-optical packet decompressor. The insets show simulated oscilloscope 

traces of the packet signal at various stages of the compressor. The incoming packet baud rate is 40 Gbaud/s 

and the horizontal scale is 400 ps/division. 
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Fig. 4.14 Oscilloscope traces of differential detection of input packets (left column), compressed packets 

(middle column), and decompressed packets (right column). The two top rows are the two detected channels 

of QPSK modulated packet, whereas the bottom row is the detection of a BPSK modulated packet. The base 

and compressed baud rates are 10 Gbaud/s and 20 Gbaud/s, respectively. The horizontal axis is time (2 

ns/div.) and the vertical axis is electrical current (arbitrary units). 

 

The symbol and, consequently, bit re-ordering can be seen in Fig. 4.14 and Fig. 

4.15 that show oscilloscope traces of the incoming, compressed and decompressed packets. 

The oscilloscope traces were obtained by placing differential receivers for the appropriate 
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modulation format and baud rate after the packet transmitter, the packet compressor and 

packet decompressor. The BPSK and QPSK formats have been used. The QPSK format 

has two bits per symbol and therefore oscilloscope traces are shown in pairs, corresponding 

to the outputs of the two balanced photodetectors inside the receiver. The base baud rate is 

10 Gbaud/s and two compressed baud rates of 20 Gbaud/s and 40 Gbaud/s have been 

simulated, corresponding to a compression ratio of 2 (Fig. 4.14) and 4 (Fig. 4.15), 

respectively. 
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Fig. 4.15 Oscilloscope traces of differential detection of input packets (left column), compressed packets 

(middle column), and decompressed packets (right column). The two top rows are the two detected channels 

of QPSK modulated packet, whereas the bottom row is the detection of a BPSK modulated packet. The base 

and compressed baud rates are 10 Gbaud/s and 40 Gbaud/s, respectively. The horizontal axis is time (2 

ns/div.) and the vertical axis is electrical current (arbitrary units). 

 

As expected, it can be observed from the oscilloscope traces that the compressed 

data, at the compressed baud rate, is different from the original data due to the symbol re-

ordering, but the decompressed data is the same as the original data. This applies to both 

BPSK and QPSK formats, attesting the transparency of the compressor and decompressor 
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scheme transparency to the phase information. It can be noted, however, that the 

decompressed packet presents larger peak current fluctuations than the original packet. 

This is mainly due to the accumulated impairments from the dynamics of the MZI-SOAs 

of the compressor and decompressor circuits. 

In order to quantify the degradation introduced by the packet compressor and 

decompressor, the following eye closure penalty (ECP) was defined for the electrical 

signal output of a balanced receiver. Very wide band photodetectors are considered and no 

electrical filters are used so that the signal is not distorted by electrical filtering. Denoting 

by i1 and i0 the samples of the ‘1’ and ‘0’ levels at the sampling instant with largest eye 

opening, the ECP is defined in linear units as 

1 0

1 0

min( ) max( )i i
ECP

i i

−
=

−
. (4.1) 

1i  and 0i  represent the average of the samples i1 and i0, respectively. For a perfect eye 

diagram, where all the samples have the same value, the ECP is 1, or, in logarithmic units, 

0 dB. In the case of the QPSK format, the receiver comprises a pair of balanced 

photodetectors and therefore the output of each balanced photodetector, called channel 1 

and 2, is analysed independently. Hence, the performance of a QPSK signal is given by the 

ECP of both channel 1 and 2. 

In a practical application where packet compression and decompression are used, 

the quality of the compressed packets is not critical, since what is truly important is the 

quality of the decompressed packet. Therefore, the performance of the proposed circuits 

will be always assessed considering a packet compressor and decompressor combo, where 

the ECP is measured after the decompressor stage. 

 

4.2.2 Results with MZI-SOA gates 

 

The first investigation of the performance of the packet compressor and 

decompressor operation was the influence of the packet size on the ECP after a compressor 

and decompressor stage. For each packet size, the simulation is performed twice, for two 

different pseudo-random binary sequences and then the average of the ECP is taken. The 

results are shown in Fig. 4.16 and Fig. 4.17 for the compression from 10 Gbaud/s to 40 

Gbaud/s and to 20 Gbaud/s, respectively. Both figures include results considering both 
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BPSK and QPSK modulated packets. Additionally, the simulation time of a single 

simulation run is presented. The total simulation time for both binary sequences is obtained 

by multiplying the plotted values by 2. The pulse width of the input packets is 12 ps in all 

cases. 

As expected, the simulation time is proportional to the packet size and hence it is 

desirable to simulate the smallest packet size to keep the simulation time within reasonable 

values. Whereas the BPSK and QPSK have the same simulation time, four-fold 

compression takes about 10% more time than two-fold compression simulations. This is 

not because of the larger ODL structure, but rather because more packet replicas are 

produced and hence the propagation of more pulses inside the SOAs has to be simulated. 
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Fig. 4.16 Eye closure penalty (ECP) (a) and simulation time (b) of the compressor and decompressor pair as a 

function of the packet size, for the BPSK and QPSK modulation formats. The compression is performed from 

10 Gbaud/s to 40 Gbaud/s. 

 

As for the ECP, it increases approximately linearly as a function of the logarithm of 

the packet size for both compression ratios and for both modulation formats. A linear fit of 

the ECP as a function of the logarithm of base 2 of the number of symbols in the packet np, 

2log
p

ECP a b n≈ + × , was done using the least squares method, as to obtain a quick rule of 

thumb of the ECP for a given packet size. The parameters a and b are presented in Table 

4-1 for BPSK and QPSK for 10 Gbaud/s to 40 Gbaud/s, and for 10 Gbaud/s to 20 Gbaud/s. 

The same table shows the square of the correlation coefficient (r
2
) for each linear fit. 
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Table 4-1 Fitting parameters (a and b) of the linear fit to the ECP of the packet compressor and decompressor 

combo as a function of the packet size, for the BPSK and QPSK modulation formats and a base baud rate of 

10 Gbaud/s and compressed baud rates of 20 Gbaud/s and 40 Gbaud/s. r
2
 is the square of the correlation 

factor. 

 Mod. format a b r
2
 

BPSK 0.070 0.016 0.93 10 Gbaud/s to 

40 Gbaud/s QPSK 0.089 0.031 0.97 

BPSK -0.0018 0.012 0.92 10 Gbaud/s to 

20 Gbaud/s QPSK 0.13 0.015 0.88 

 

The ECP is larger and increases more quickly for the QPSK than for the BPSK 

because of the smaller phase distance between symbols in the phase constellation diagram. 

Any degradation of the phase or amplitude caused by the compressor and decompressor 

thus has a more severe impact on the QPSK than on the BPSK. As in the other MZI-SOA 

based sub-systems, the main impairments are the gain recovery causing inter-symbolic 

effects, as well as coherent crosstalk in the delay line structures, as observed in the WDM 

to OTDM converter. The main drivers for the increase of the ECP for larger packets are the 

inter-symbolic effects arising from the gain compression recovery. Still, these results 

confirm the phase transparency of the packet compressor and decompressor combo. The 

square of the correlation coefficient is between 0.88 and 0.97 for all fits, which shows the 

ECP linear dependence on the logarithm of the packet size is a valid assumption. 

a) b)

100

1000

10000

5 7 9 11

Log2(packet size)

S
im

u
la

ti
o
n

 t
im

e 
(s

) 
.

BPSK

QPSK
0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

5 7 9 11

Log2(Packet size)

E
C

P
 (

d
B

)

BPSK BPSK linear fit
QPSK ch1 QPSK ch2
QPSK linear fit

 

Fig. 4.17 Eye closure penalty (ECP) (a) and simulation time (b) of the compressor and decompressor pair as a 

function of the packet size, for the BPSK and QPSK modulation formats. The compression is performed from 

10 Gbaud/s to 20 Gbaud/s. 
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An interesting application of the linear fit of Table 4-1 is to extrapolate the 

performance of the compressor and decompressor combo for Ethernet packets, which have, 

at most, 1518 bytes or, equivalently, 12144 bits. The smallest natural power of base 2 that 

is larger than this number is 2
14

=16384, which will be used as the packet size to be used in 

the packet compressor and decompressor. According to the linear fit and for a compressed 

baud rate of 40 Gbaud/s, packets 2
14

 symbols long would have an ECP of 0.30 and 0.52 

dB, for BPSK and QPSK, respectively. Considering that the QPSK has two bits per 

symbol, a 2
13

 symbols packet would be enough to encapsulate an Ethernet packet, resulting 

in an ECP of 0.49 dB. Considering a compressed baud rate of 20 Gbaud/s, the ECP of a 

packet of 2
14

 symbols would be 0.16 and 0.34 dB for BPSK and QPSK, respectively. For 

2
13

 symbols packet modulated with QPSK, the ECP decreases slightly to 0.33 dB. If the 

ODL architecture proposed in prior art [8] would be used for compressing Ethernet 

packets, 14 ODL stages would have been required, considering 1 bit per symbol, which is 

rather impractical. 
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Fig. 4.18 Eye diagrams of the balanced detection of 64-symbol (left column), 256-symbol (middle column), 

and 1024-symbol (right column) packets after the compressor and decompressor combo. The modulation 

format is QPSK (channel 1 and 2 in the two top rows) and BPSK (bottom row). The base and compressed 

baud rates are 10 Gbaud/s and 20 Gbaud/s, respectively. The horizontal axis represents time (20 ps/div.) and 

the vertical axis represents electrical current (arbitrary units). 
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Some eye diagrams of the packets at the output of the compressor and 

decompressor combo for different packet sizes are presented in Fig. 4.18. The base and 

compressed baud rate are 10 Gbaud/s and 20 Gbaud/s, respectively, and the modulation 

formats are BPSK and QPSK. Three packet sizes have been used: 64, 256, and 1024 

symbols. It is visible that for larger packets the amplitude jitter is larger, in agreement with 

the increase of ECP in the results of Fig. 4.17. In addition, it is clear that the amplitude 

jitter is more significant for the QPSK format than for the BPSK format, again agreeing 

with the quantitative results presented in Fig. 4.17. 

In the WDM to OTDM circuit analysis, it was concluded that the input pulse width 

played a major role on the performance. Since in the packet compressor and decompressor 

some form of multiplexing involving delay lines is performed, the impact of the pulse 

width on the performance will also be studied. All pulse widths presented here are full 

width at half maximum. 

The results are presented in Fig. 4.19 and Fig. 4.20, for compressed baud rates of 40 

Gbaud/s and 20 Gbaud/s, respectively, whereas the base baud rate is 10 Gbaud/s. It can be 

seen that for narrow pulses, below 12 and 25 ps for the compression to 40 and 20 Gbaud/s, 

respectively, the ECP remains low. These values correspond to about 50% of the symbol 

period at the compressed baud rate. However, for larger pulse widths, the performance 

quickly degrades and reaches untenable penalties. The large penalties arise once again 

from inter-pulse crosstalk, as in the case of the WDM to OTDM converter. In order to have 

less than 1 dB of ECP, the pulse width should be inferior to 16 ps in the case of the 10 to 

20 Gbaud/s compression, corresponding to 64% of the compressed symbol period. For the 

10 to 40 Gbaud/s compression, the maximum pulse width should be 32 and 34 ps for the 

BPSK and QPSK formats, respectively, corresponding to 64 – 68% of the symbol period at 

40 Gbaud/s. It was observed that the pulse width of the output pulses of the compressor 

and decompressor combo did not significantly depended on the input pulse width, within 

the region of operation below 1dB of ECP. This is due to the re-shaping properties of the 

all-optical circuit, and, in particular, of the MZI-SOA. Whereas for the 6 ps input pulses 

the output pulse width was 5.2 ps, for 32 ps input pulses the width of the output pulses was 

7.5 ps. 

It is noticeable that, for both compression ratios, and for pulse widths smaller than 

50% of the compressed symbol period, there is an increase of the ECP for the QPSK 
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format, whereas for the BPSK there is not. This could be due to second order nonlinear 

effects inside the SOA, e.g. cross phase modulation from four wave mixing products. For 

very short pulse widths, these effects become stronger and affect more severely the QPSK 

due to the smaller phase difference between symbols.  
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Fig. 4.19 Eye closure penalty (ECP) as a function of the packet pulse width fed to the compressor and 

decompressor pair, for the BPSK and QPSK modulation formats. The compression is performed from 10 

Gbaud/s to 40 Gbaud/s. The lines are guides for the eyes. Eye diagrams of the packets after differential 

detection are also shown for 6 ps and 16 ps of pulse width. The horizontal axis of the eye diagrams represents 

time (20 ps/division) and the vertical axis represents electrical current (arbitrary units). 
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Fig. 4.20 Eye closure penalty (ECP) as a function of the packet pulse width fed to the compressor and 

decompressor pair, for the BPSK and QPSK modulation formats. The compression is performed from 10 

Gbaud/s to 20 Gbaud/s. The lines are guides for the eyes. Eye diagrams of the packets after differential 

detection are also shown for 6 ps and 32 ps of pulse width. The horizontal axis of the eye diagrams represents 

time (20 ps/division) and the vertical axis represents electrical current (arbitrary units). 
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In an optical packet switched network, it might be possible for an optical packet to 

cross several optical network nodes before reaching its final destination. Possibly, in each 

of these network nodes, the packet is decompressed for processing and routing and is again 

compressed before being transmitted through a fibre link to the next destination. Hence, 

the cascadability of the packet compressor and decompressor combo is important and it 

will now be assessed. Through simulation, the same packet will be compressed and 

decompressed a number of times and its ECP will be calculated at each stage to quantify 

the degradation. The results are presented in Fig. 4.21 and Fig. 4.22 for a base baud rate of 

10 Gbaud/s and compressed baud rates of 40 Gbaud/s and 20 Gbaud/s, respectively. In 

fact, the ECP increases rather steeply, and for all the studied cases only two cascades are 

possible in order to have an ECP below 1 dB. Between the two modulation formats, BPSK 

shows better performance than QPSK, as before. Facing these results, it is recommended to 

have regeneration between packet compressor and decompressor pairs to enable cascading 

more of these devices.  
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Fig. 4.21 ECP versus the number of cascaded compressor and decompressor pairs (10 Gbaud/s to 40Gbaud/s) 

for packets modulated with BPSK and QPSK formats, and 12 of pulse width. The lines are guides for the 

eyes. Eye diagrams of the packets after differential detection are also shown after 2 (left) and 3 (right) 

cascaded pairs. The horizontal axis of the eye diagrams represents time (20 ps/division) and the vertical axis 

represents electrical current (arbitrary units). 

 

For a compressed baud rate of 40 Gbaud/s only 12 ps pulses are simulated, whereas 

for the compressed baud rate of 20 Gbaud/s both 12 and 24 ps are simulated. These two 

pulse widths were chosen since 12 ps is the largest acceptable pulse width before the ECP 

starts to increase significantly. Additionally, 12 ps pulses were also used to investigate if a 
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narrower pulse width would improve the cascading performance. Nevertheless, as seen 

before, the combo output pulse width does not depend significantly on the input pulse 

width. As corroboration, from these results one concludes that the cascading performance 

depends only very slightly on the pulse width, considering the two investigated pulse 

widths.  
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Fig. 4.22 ECP versus the number of cascaded compressor and decompressor pairs (10 Gbaud/s to 20Gbaud/s) 

for packets modulated with BPSK and QPSK formats, and 12 and 24 ps of pulse width. The lines are guides 

for the eyes. Eye diagrams of the packets after differential detection are also shown after 2 (left) and 3 (right) 

cascaded pairs. The horizontal axis of the eye diagrams represents time (20 ps/division) and the vertical axis 

represents electrical current (arbitrary units). 

 

Up to now, the SOA devices have been modelled according to the experimental 

observations and the remaining passive devices are considered ideal in the sense that their 

specifications are exactly the desired ones. At this time, the effect of mismatches in the 

ODL structures will be considered. The ODL structure has the purpose of creating packet 

replicas at desired delays. These delays will now be altered from the ideal value and the 

impact on the ECP will be assessed. 

ECP results as a function of the delay mismatch in each of the ODL composing the 

ODL structure are presented in Fig. 4.23 and Fig. 4.24, for a base baud rate of 10 Gbaud/s 

and a compressed baud rate of 40 Gbaud/s and 20 Gbaud/s, respectively. To facilitate the 

interpretation of the plots of the QPSK results, the maximum ECP of both channels is 

presented, instead of the ECP results of both channels. Anyhow, it was verified that both 

channels yielded similar ECP values and the maximum penalty represents well the 

performance of both channels. The incoming packet pulse width is 12 ps. 
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Fig. 4.23 Eye closure penalty (ECP) of the packet compressor and decompressor pair, as a function of the 

delay mismatch in ODL0 (circles), ODL1 (squares), ODL2 (triangles), and ODL3 (diamonds) in the 

compressor (full line) and in the decompressor (dashed line). The lines are guides for the eyes only. The base 

baud rate is 10 Gbaud/s and the compressed baud rate is 40 Gbaud/s. The plot on the left is for BPSK and the 

plot on the right is for QPSK. 
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Fig. 4.24 Eye closure penalty (ECP) of the packet compressor and decompressor pair, as a function of the 

delay mismatch in ODL0 (circles) and ODL1 (squares) in the compressor (full line) and in the decompressor 

(dashed line). The lines are guides for the eyes only. The base baud rate is 10 Gbaud/s and the compressed 

baud rate is 20 Gbaud/s. The left plot is for BPSK and the right plot is for QPSK. 

 

It is readily concluded that the mismatch in every ODL of the compressor or of the 

decompressor has the same practical effect on the ECP. Furthermore, BPSK and QPSK 

yield similar ECP results, for both compressed baud rates of 20 and 40 Gbaud/s. Thus, the 

ECP is not arising from phase distortions, but rather from amplitude distortions. If not, 

BPSK and QPSK would have different performances due to the smaller phase distance of 

the QPSK format. When there is a delay mismatch in one of the ODLs in the ODL 

structure, one packet replica is offset in time relatively to the other packet replicas. The 

consequences are two-fold. First, the pulse is not in its optimum position relatively to the 

subsequent MZI-SOA switching window. At the output of that MZI-SOA gate, the pulse 
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shape can be partially restored due to the reshaping and retiming properties of the MZI-

SOA, but only up to a given maximum delay mismatch. So, a delay mismatch will degrade 

the MZI-SOA operation. Second, if the ODL mismatch is significant, it causes crosstalk on 

the neighbouring pulses and thus amplitude jitter. Depending on the particular operating 

conditions, each effect might dominate. Either way, the signal acquires amplitude jitter and 

penalties arise. 

ODL delay mismatches are more tolerated in the packet compressor comparing to 

the packet decompressor, mainly because if the mismatches occur in the compressor, i.e. 

earlier in the compressor and decompressor combo, the degraded signal will cross more 

MZI-SOA gates before the decompressor output, which progressively improve the signal 

quality. For a maximum ECP of 1 dB, a mismatch interval of [-2 ps, 3 ps] is acceptable in 

the decompressor, whereas for mismatches in the compressor a larger interval of [-2 ps, 7 

ps] is tolerated, for the 40 Gbaud/s compressed baud rate. For the 20 Gbaud/s compressed 

baud rate and the same tolerated ECP, the decompressor and compressor delay mismatch 

range is [-3.5 ps, 2 ps] and [-4 ps, 6.5 ps], respectively. There is little crosstalk between 

pulses since the interval span for a compressed baud rate of 40 Gbaud/s is only slightly 

narrower than that for a compressed baud rate of 20 Gbaud/s. Hence, the main origin of the 

limitation is the pulse position relatively to the MZI-SOA switching window, which is also 

corroborated by the fact that the curve for the delay mismatch in the compressor is 

asymmetrical around 0 ps, because so is the switching window, which does not happen 

with the crosstalk effect. 

As a rule of thumb, it will be considered that the maximum delay deviation in the 

ODLs should be 10% of the symbol period. 

The study of the ODL delay mismatch was repeated for different delays between 

the demultiplexing clock signal and the packet replicas in the decompressor, hereafter 

called signal-replicas delay. The underlying idea is to understand if shifting the MZI-SOA 

switching window can compensate for the ODL delay mismatch. The modulation format is 

QPSK and the compressed baud rate is 20 Gbaud/s. The results are plotted in Fig. 4.25, 

where 0 ps of clock-replicas delay is the optimised reference value used before. It can be 

noticed that it has the lowest ECP for zero ODL delay mismatch. Still, the other clock-

replicas delays have similar penalty for no ODL delay mismatch, which indicates that, 

within the investigated range, the replicas’ pulses are inside the MZI-SOA switching 
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window. However, excluding the -3 ps clock-replicas delay, which shows comparable 

performance to the reference, all other clock-replicas delay have very narrow tolerance to 

ODL delay mismatches. This is because the replicas’ pulses are too close to the MZI-SOA 

switching window edges where the switching window has rising or declining amplitude. 

Therefore, a relative delay between replicas induced by an ODL delay mismatch is 

translated to an amplitude difference between replicas and consequently an increased ECP. 
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Fig. 4.25 Eye closure penalty (ECP) of the packet compressor and decompressor pair, as a function of the 

delay mismatch of ODL1 in the decompressor. Each curve was obtained for a different delay (from -6 ps to 6 

ps) between the signal replicas and the demultiplexing clock in the decompressor. The lines are guides for the 

eyes. 

 

The next investigation will be incident on the effect of phase mismatches of the 

ODL structures on the compressor and decompressor pair performance. As the packets are 

phase modulated, all the ODLs must be phase aligned with each other so that the packet 

replicas have no phase difference between them, which is a rather strict requirment. If 

packet replicas have phase differences between them, that phase difference will be 

converted to an amplitude variation after differential detection of symbols coming from 

different packet replicas, and consequently an impaired performance and possibly bit 

errors. This effect is not limited to this particular architecture, but, instead, it is valid for all 

architectures based on interleaving packet replicas and serving phase modulated packets. 

The situation of a phase mismatch in the decompressor ODL structure causing an 

undesired phase difference between symbols is illustrated in Fig. 4.26 for a two-fold 

decompression ratio and an 8 symbol packet. The effect of such spurious phase difference 

after packet detection in a differential receiver is shown in Fig. 4.27. 
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Fig. 4.26 Schematics depicting how a phase mismatch in one ODL of the decompressor ODL structure 

causes a phase difference inside the packet output by the decompressor. 

 

It is visible that some bits are strongly impaired in terms of amplitude due to the 

phase difference introduced by the ODL structure. The impaired bits occur only in times 

corresponding to the different packet replicas produced in the ODL structure. Therefore, 

for larger baud rate compression ratios, there are also more ODLs in the ODL structures, 

more packet replicas, and consequently more impaired bits. In Fig. 4.27 a), two-fold 

compression of a BPSK packet was performed and hence only one bit corresponding to the 

phase difference between the two packet replicas is impaired. However, four-fold 

compression of a BPSK packet was performed in Fig. 4.27 b) and there two bits are 

impaired. Those bits correspond to the phase difference between replica number 1 and 

replica number 2, and between replica number 2 and replica number 3, since the phase 

mismatch was in ODL1, which affects replica number 2. Fig. 4.27 c) and d) show the two 

channels of a QPSK differential detection of a two compressed and decompressed packet. 

It is interesting to see that two bits, one in each detection channel, are impaired from one 

phase difference between symbols. This is because each symbol in the QPSK carries two 

bits. However, if the one of the bits is degraded in the sense that it closes the eye diagram, 

the electric current level of the other one is moved away from the eye diagram centre. This 

mirrors what happens in the phase constellation. If one symbol is rotated through a phase 

shift, it will get closer to one of the neighbouring symbols, but it will also be further apart 

from the other neighbour. 

The impairment arising from phase mismatches is fundamentally different from the 

origin of the impairment of ODL delay mismatches, where all pulses of a given packet 

replica are shifted in time and therefore all symbols are affected in subsequent MZI-SOA 

stages. 
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Fig. 4.27 Oscilloscope traces of differentially detected packets after compression and decompression, where 

ODL1 in the decompressor is phase mismatched. The circles mark the bits that are impaired. a) and b) were 

obtained from a BPSK packet that was compressed from 10 Gbaud/s to 20 Gbaud/s (a) or to 40 Gbaud/s (b) 

with a phase mismatch of 50º. c) and d) were obtained from both detection channels of a QPSK packet that 

was compressed from 10 Gbaud/s to 20 Gbaud/s with a phase mismatch of 25º. The horizontal axis is time (2 

ns/division) and the vertical axis is current (arbitrary units). 

 

Some quantitative ECP results will now be presented for different phase 

mismatches in the compressor and decompressor ODLs. The base baud rate is 10 Gbaud/s 

in the forthcoming results. Fig. 4.28 and Fig. 4.29 show the results for BPSK and QPSK 

modulation formats, respectively, and a compressed baud rate of 20 Gbaud/s. As before, 

for the QPSK format, the plots show only the maximum of the ECP of the two detection 

channels. The ECP results are plotted in contour plots, where the phase of two different 

ODLs is simultaneously varied. Appendix E further explores the phase requirements of the 

ODL structures. 

Analysing the plots, a definite trend can be observed. The penalty is minimum in 

the region where the phase mismatch of one ODL is either identical or symmetrical to the 

phase mismatch of the other inspected ODL. The case of a compression ratio of two is the 

easiest to investigate because there are only two ODLs in each ODL structure. If there is a 

phase mismatch in ODL0 of the compressor, there should be a similar mismatch in ODL1 

of the compressor so that both packet replicas have null phase difference. At this point, it 

should be recalled that the symbols after compression and decompression have passed 
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through complementary delays in the ODL structures of the compressor and decompressor 

so that the total delay is the same for each symbol. Thus, a phase mismatch of ODL0 in the 

compressor can also be compensated by an opposite phase mismatch of ODL1 in the 

decompressor because the delay and phase of ODL0 in the compressor is compensated by 

the delay and phase of ODL1 in the decompressor. In other words, at the end of the 

compressor and decompressor pair, the symbols that have passed in ODLk, k=0, 1, .., N-1 

of the compressor will pass in ODL(N-1-k) of the decompressor, and therefore the phase 

mismatch of ODLk of the compressor can be compensated by a symmetrical phase 

mismatch of ODL(N-1-k) of the decompressor. 
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Fig. 4.28 Contour plot of the ECP in dB after a packet compressor and decompressor pair as a function of the 

phase delay mismatch (in degrees) in different ODLs. The base baud rate is 10 Gbaud/s and the compressed 

baud rate is 20 Gbaud/s and the modulation format is BPSK.  

 

This reasoning applies for both the BPSK modulation format and the QPSK format, 

as can be seen comparing Fig. 4.28 and Fig. 4.29. However, due to the closer symbols of 

the QPSK in the phase constellation, the allowed phase mismatch is smaller than that for 
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the BPSK. Whereas for the BPSK case, a performance rule for the phase mismatch can be 

written as |∆φA-∆φB|<50º, for the QPSK the rule becomes |∆φA-∆φB|<17º, for a maximum 

ECP of 1 dB. ∆φA and ∆φB are the phase mismatch of ODLs that are not complementary in 

the sense explained in the previous paragraph. For complementary ODLs, the minus sign 

in the rules is replaced by a plus sign. Areas of very close contour lines in the edges of the 

plots are due to numerical artifacts in the ECP calculation. 
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Fig. 4.29 Contour plot of the ECP in dB after the packet compressor and decompressor pair as a function of 

the phase delay mismatch (in degrees) in different ODLs. The base baud rate is 10 Gbaud/s and the 

compressed baud rate is 20 Gbaud/s and the modulation format is QPSK.  

 

The analysed case of two-fold baud rate compression is the simplest. For a four-

fold compression ratio, the analysis is slightly different since only the complementary 

ODLs can compensate each other’s phase mismatch. Mismatches in all other ODLs will 

contribute with a phase error and consequently an impaired bit after differential detection. 

An example of phase mismatches in complementary ODLs and non-complementary ODLs 

for a four-fold compression ratio is shown in Fig. 4.30 and Fig. 4.31, for the BPSK and 

QPSK modulation formats, respectively. For the complementary ODLs case, the penalty is 

completely analogous to that of the two-fold compression ratio, since the same type of 

phase error and compensation is happening. However, for non-complementary ODLs, the 

contour plots show a different behaviour. As mentioned before, the phase mismatches 

never compensate each other. In this case, the rule can be approximately written as 

|∆φA|<50º ∧  |∆φB|<50º and |∆φA|<17º ∧  |∆φB|<17º for the BPSK and QPSK case, 

respectively, for ECP smaller than 1 dB. The symbol ∧  represents the set intersection 

operation. The ECP rule contains two parts, one for each phase mismatch, that are 

independent of each other. This is because each phase mismatch is affecting different bit 
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transitions and causing eye closure after differential detection at distinct bits. The ECP 

performance metric considers only the worst bit and not all of the sequence, and hence 

only the largest phase mismatch matters for the ECP. Consequently, there can be separate 

rules establishing bounds for each phase mismatch. 
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Fig. 4.30 Contour plot of the packet compressor and decompressor pair ECP (dB) as a function of the phase 

delay mismatch (in degrees) in different ODLs. The base baud rate is 10 Gbaud/s and the compressed baud 

rate is 40 Gbaud/s and the modulation format is BPSK.  
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Fig. 4.31 Contour plot of the packet compressor and decompressor pair ECP (dB) as a function of the phase 

delay mismatch (in degrees) in different ODLs. The base baud rate is 10 Gbaud/s and the compressed baud 

rate is 40 Gbaud/s and the modulation format is QPSK.  

 

4.2.3 Results with MZI-QDSOA gates 

 

The MZI-SOA has shown good processing capabilities up to bit rates of 40 Gb/s, 

and in some functionalities at even larger bit rates. However, to accomplish all-optical 

processing at larger bit-rates, the SOAs inside the MZI structure must have shorter gain 
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recovery times. For this reason, it has been proposed that the MZI-SOA is equipped with 

quantum-dot SOAs (QDSOAs), instead of quantum well SOAs [14]. QDSOAs were 

expected to achieve operation bit rates above 160 Gb/s [15], and recently 160 Gb/s 

wavelength conversion has been demonstrated experimentally [16]. Additionally, it is 

expected that QDSOAs have the possibility of multi-wavelength operation [17]. Earlier 

studies about the QDSOA based Mach-Zehnder Interferometer (MZI-QDSOA) have 

shown enhanced processing capabilities, namely high output extinction ratio and 

regenerative characteristics [14, 18]. For this reason, this section presents the packet 

compressor and decompressor implemented with the MZI-QDSOA, in order to achieve 

compression to higher bit-rates. 

Although in the QD-SOAs the phase shift arising from the gain compression (alpha 

factor) is very low (~0.1) [14], the MZI-QDSOA structure operates nonetheless. While in 

the MZI-SOA the output signal is produced from XPM causing a phase shift in one SOA, 

in the MZI-QDSOA the output signal is produced from the power unbalancing caused by 

XGM in the QDSOA. Even though a different transmission versus input power curve 

results, the switching window opening is totally analogous and the same functionalities of 

the MZI-SOA are promptly achieved. Therefore, to obtain the packet compressor and 

decompressor functionalities, the MZI-SOA is simply replaced by the MZI-QDSOA. 

Simulation results were obtained using the QDSOA model described in [19] with 

the parameter set presented in [20]. A brief explanation of the model follows. The QDSOA 

is considered to be well approximated by a system of three equations describing the carrier 

densities of the wetting layer and of the ground and excited quantum dot states. The 

wetting layer acts as a reservoir for the two quantum dot states and it is where the carriers 

are electrically pumped to. The excited state acts as an intermediary state between the 

wetting layer and the ground state. The latter state provides gain to the optical field. During 

pulse amplification, as the carriers in the ground quantum dot state are depleted, carriers 

transit from the excited state to the ground state in a femtosecond time scale. As the carrier 

density in the excited state reduces, carriers from the wetting layer fill the excited state in 

the picosecond time scale. The capability of the QDSOA to operate in the 100 Gb/s range 

arises from this fast dynamics. 

All QDSOAs were considered to have the dimensions 4000×3×0.2 µm
3
 and to be 

pumped with a current density of 5 kA/cm
2
, corresponding to a current of 600 mA. The 
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simulated optical pulses have a Gaussian profile and 2 ps of full width at half maximum, 

which is 32% of the bit period at 160 Gb/s to minimize crosstalk. The MZI-QDSOAs input 

powers were optimised to ensure negligible pulse broadening and also to prevent 

patterning effects caused by wetting layer depletion. The results presented here were 

obtained using the BPSK modulation format, so that one symbol carries only one bit. 

First, an analysis of the influence of the packet size on the ECP was performed, 

similarly to the study for the MZI-SOA. The base bit rate is 40 Gb/s and the compressed 

bit rate is 160 Gb/s. The results are plotted in Fig. 4.32, which also shows eye diagrams of 

the differential detection of the decompressed packets. The ECP increase with the packet 

size is approximately linear within the investigated range, which motivates a linear fit 

using the least squares method, as in the case of the MZI-SOA. The resulting fit parameters 

a and b of the expression 2log
p

ECP a b n≈ + ×  are -0.1 and 0.04, respectively. Although 

the ECP values are quite low, the increase of the ECP with packet size is larger for the 

MZI-QDSOA than for the MZI-SOA. This is, on one side, due to the larger bit rates and 

thus more stringent inter-symbolic effects requirements, and, on the other side, due to the 

slow wetting layer depletion acting on the scale of nanoseconds. Retaking the example of 

the Ethernet packets, the extrapolated ECP is 0.53 dB for a 2
14

 packet, which is 

significantly larger than the 0.28 dB for MZI-SOA compression and decompression for a 

10 Gbaud/s base baud rate and a 40 Gbaud/s compressed baud rate, due to the reasons just 

mentioned. 

Setting the packet size at 64 bits, the cascadability performance of the compressor 

and decompressor combo was also studied. The results are shown in Fig. 4.33, 

accompanied with eye diagrams of the differential detection of the output packet after 2, 4 

and 6 compression and decompression pairs. The MZI-QDSOA based compressor and 

decompressor shows much better cascadability than the MZI-SOA based one, since four 

pairs can be cascaded, against the previous two pairs, for a maximum ECP of 1 dB. One 

reason of the better performance of the MZI-QDSOA is that the fast gain recovery 

mechanisms (excluding therefore the wetting layer depletion) are faster than those of the 

MZI-SOA. Additionally, the power transfer curve is different in the MZI-QDSOA and the 

amplitude reshaping might be more effective in the MZI-QDSOA than in the MZI-SOA. 

Moreover, the MZI-SOA introduces chirp, which accumulates over the cascades and 

further degrades the signal, while the MZI-QDSOA does not. 
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Fig. 4.32 Eye closure penalty (ECP) of the MZI-QDSOA based packet compressor and decompressor pair as 

a function of the packet size. The full line is a guide for the eyes. The dashed line is a linear fit using the least 

squares method. Eye diagrams of the differential detection of the decompressed packets are shown for a 

packet size of 8 bits (left) and 256 bits (right). The horizontal scale is normalized to the bit period and the 

vertical axis is current (arbitrary units). 

 

The tolerance of the compressor and decompressor pair based on the MZI-QDSOA 

on the phase mismatches of the ODLs was also investigated and the results are plotted in 

Fig. 4.34. Because of the phase transparency of the compressor and decompressor 

architecture, this implementation presents the same tolerance as that of the implementation 

with MZI-SOA gates. For a maximum ECP of 1 dB, up to 50º of phase mismatch are 

tolerated in the ODLs. 
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Fig. 4.33 Eye closure penalty (ECP) of the MZI-QDSOA based packet compressor and decompressor as a 

function of the number of compressor and decompressor pairs. The lines are guides for the eyes only. Eye 

diagrams of the differential detection of the decompressed packets are shown after 2 pairs (left), 4 pair (inset) 

and 6 pairs (right). The horizontal scale is normalized to the bit period of the base bit rate and the vertical 

axis is current (arbitrary units). 
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Fig. 4.34 Eye closure penalty (ECP) of the MZI-QDSOA based compressor and decompressor pair, as a 

function of the phase mismatch of the compressor ODLs. 

 

4.3 Slot interchanging 

 

Time slot interchangers (TSI) have been proposed before based on feed-forward 

delay lines [21]. That previous work used cross gain modulation in SOAs to convert the 

wavelength of incoming packets and route them to the appropriate delays. However, 

wavelength conversion through cross gain modulation is known to have low extinction 

ratio at the output, which limits the scalability of such technique. More recently, an 

integrated 2×2 switching matrix was used to build a feedback time slot interchanger [22]. 

The switching matrix contains current-controlled SOAs that transmit or block each input-

output pair. Compared to the feed-forward architecture, the feedback architecture has the 

advantage of theoretically infinite delay possibility, but, in practice, it is limited by the 

synchronization in the feedback path. In fact, if a small delay mismatch exists, it will 

accumulate over successive re-circulations. Moreover, it is expected that with appropriate 

traffic engineering, a limited number of delay possibilities will be required [23]. Thus, a 

feed forward time slot interchanger based on wavelength conversion in the MZI-SOA will 

be presented in this section. In the next chapter, a time slot interchanger based on space 

switching in the MZI-SOA will also be investigated. The time slot interchanger based on 
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wavelength conversion in the MZI-SOA is now investigated by simulation and then 

experimentally, using the first quad-integrated MZI-SOA device ever fabricated. 

In the adopted architecture, the MZI-SOA converts the wavelength of an incoming 

packet to a suitable wavelength. The wavelength converted packet is then delayed by in an 

appropriate ODL in an ODL bank, according to its wavelength. Fig. 4.35 shows such 

operation. A single TSI stage has limited delay possibilities, which are the number of 

available wavelengths (three in the example of Fig. 4.35). In order to obtain a large number 

of delay possibilities, the same number of lasers as the delay possibilities, or a wide-range 

tuneable laser, and an ODL bank of the same size must be employed. This might not be 

practical or even feasible for a large number of wavelengths and the SOA wavelength 

conversion may be limited for large wavelength differences. Alternatively, cascading 

several TSI stages can overcome this limitation, and a large TSI structure can be obtained 

with the capacity of delaying each packet by an increased number of delay possibilities.  
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Fig. 4.35 Multi-stage time slot interchanger based on wavelength conversion in the MZI-SOA. 

 

This way, one can avoid using so many different wavelengths, although, at the 

expense that not only more MZI-SOA gates are required, but also the penalties will 

accumulate. Thus, it is a compromise between feasibility and acceptable performance 

penalty. For a given number of timeslots to interchange, the required number of 

wavelengths and TSI stages is presented in reference [24]. In order to exchange four time 

slots, three wavelengths and three stages are required. In the forthcoming investigations, 

the number of wavelengths will be set to three, and the penalty at the output of each 

cascade will be assessed. 
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The probe signal, which sets the wavelength of the output packet, is assumed to be 

properly chosen at the electronic control level, which is not modelled, to ensure the correct 

delay for each packet.  

4.3.1 Simulation results 

 

The TSI operation will be modelled first for a bit rate of 10 Gb/s using the non-

differential mode, and then at 40 Gb/s using the differential mode.  

The combined response of the multiplexer and demultiplexer filters of the ODL 

bank is modelled as second order Gaussian filters. For the 10 Gb/s and 40 Gb/s cases, 

respectively, the combined full width at half maximum of the multiplexer and 

demultiplexer are 35 GHz and 130 GHz and the wavelength spacings are 50 GHz and 200 

GHz. These filter bandwidths are typical values for these multiplexer and demultiplexer 

wavelength spacings. The TSI output signal contains packets at different wavelengths, 

according to the desired delay. Hence, in order to assess the performance of all the packets, 

a narrow optical filter to reject ASE cannot be used at the receiver input. Hence, the OSNR 

is calculated assuming a rectangular-shaped optical filter at the receiver input, with 

bandwidth equal to the simulation bandwidth. At 64 samples per bit, the simulation 

window width is 640 GHz and 2.56 THz for the 10 Gb/s and 40 Gb/s cases, respectively. 

The OSNR penalty is calculated as the difference of the required OSNR for a BER of 10
-10

 

of the signal under analysis and of the signal at the TSI input. 

The simulation time span is divided into four slots. Before the first TSI stage, each 

of the first three slots is occupied by one packet, whereas the last slot is empty. Each slot 

has the extent of two packets, and the packet is centred in the middle of the slot. The 

remaining time without data acts as guard bands, although this TSI architecture does not 

intrinsically require guard bands. The three packets are three different de Bruijn sequences. 

The delays of the ODLs in each TSI stage are shown in Table 4-2. In the simulation, 

negative delays are used, so that time just expresses the change of the slots’ relative 

position in the simulation window. 

Unless counter-propagating control signals are fed to the MZI-SOA, the 

wavelengths in the TSI must be adequately planned. At the first TSI stage output, the 

packets will have wavelengths λ1, λ2 and λ3. However, in the next TSI stage, the 

wavelengths of the probe are the same as the wavelengths of the control signal, which are 
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the packets. If the beams are counter-propagating, no interference occurs and probe and 

control signals can have the same wavelength. However, the counter-propagating 

configuration is impaired in terms of maximum conversion bit rate. A solution is to 

allocate different wavelength bands for odd and even TSI stages. If at the second TSI stage 

the wavelengths of the probe signal to be used are λ4, λ5 and λ6, there is no wavelength 

collision at the MZI-SOA inputs, and the co-propagating scheme can be used again. This 

alternative, however, has the disadvantage of requiring more available wavelengths, for 

example, a tuneable laser source with a larger wavelength range. The simulation will be 

performed using the co-propagating scheme with alternate wavelength bands between TSI 

stages. 

 

Table 4-2 Delay of the ODLs in the ODL bank, for each wavelength and TSI stage. 

Delay (in units of slot duration) 
TSI stage 

λ1/λ4 λ2/λ5 λ3/λ6 

1 -1 0 1 

2 -2 0 2 

3 -1 0 1 

4 -2 0 2 

 

The eye diagrams and oscilloscope traces of the TSI output are presented in Fig. 

4.36, for from one up to four TSI stages. Packets are 32 bits long, the bit rate is 10 Gb/s 

and the data format is NRZ. From the oscilloscope traces, it can be concluded that packets 

effectively change their relative positions according to the delays (and wavelengths) of 

Table 4-2. It is clear, however, that the signal is progressively more degraded as the 

number of stages increases. Accordingly, the OSNR penalty simulation results increase for 

increasing TSI size, as shown in the curve labelled ‘regular TSI’ of Fig. 4.37. About 0.4 – 

0.45 dB of OSNR penalty is introduced per TSI stage. For a maximum OSNR penalty of 1 

dB, two TSI stages are allowed. 

Each packet at the TSI output has a different wavelength, which might not be 

suitable for the next processing steps, or, for example, for WDM transmission. Hence, the 

simulation was repeated but now with an additional MZI-SOA gate at the TSI output to 

convert the wavelength of all packets to the same wavelength. This set of results was also 

plotted in Fig. 4.37. It shows that the OSNR penalty of the final MZI-SOA wavelength 

conversion stage approximately matches that of an additional TSI stage. In fact, both 
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processing units, the TSI stage and the wavelength conversion, are similar except for the 

different wavelengths and filter structure of the TSI stage. Thus, the penalties are similar. 

Consequently, for a given maximum allowed OSNR penalty, if a wavelength conversion 

stage is required at the TSI output, one TSI stage must be sacrificed to keep the same 

penalty. 
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Fig. 4.36 Eye diagram (top row) and oscilloscope traces (bottom row) of the output of the 10 Gb/s TSI stages 

1 to 4. A, B and C denote the three different packets being reordered. 
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Fig. 4.37 OSNR penalty of the TSI output as a function of the number of the TSI stages, with and without an 

additional wavelength conversion stage, at 10 Gb/s. The lines connecting the data points are guides for the 

eyes. 
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The last results were obtained for quite small packets of 32 bits and so the 

simulation was performed for larger packets. The results are shown in Fig. 4.38, for packet 

sizes of 32 to 512 bits. The penalty is approximately constant for all the investigated packet 

sizes. The maximum penalty difference is about 0.05 dB between the 32 and the 512 bits 

packets, for the fourth TSI stage. 
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Fig. 4.38 OSNR penalty of the TSI output as a function of the number of TSI stages, for packet lengths from 

32 to 512 bits. The bit rate is 10 Gb/s. 

 

The OSNR penalty as a function of the TSI and packet size was also studied for 40 

Gb/s 50% duty cycle RZ packets in the push-pull configuration, and the results are plotted 

in Fig. 4.39. The penalty at 40 Gb/s is about 1 – 1.1 dB per TSI stage, which is more than 

the double at 10 Gb/s, due to the larger bit rate and more influential gain compression 

recovery time. The eye diagrams and oscilloscope traces are shown in Fig. 4.40, which 

corroborate the numerical results of the OSNR penalty. The ‘0’ level increases at each TSI 

stage, corresponding to extinction ratio degradation, and the ‘1’ level becomes broader due 

to the gain recovery time of the SOA. Particularly, consecutive ‘1’s are the worst pattern, 

with low optical level at the bit centre and the RZ characteristic of null power between bits 

is almost lost. 
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Fig. 4.39 OSNR penalty of the TSI output as a function of the number of TSI stages, for packet lengths from 

32 to 512 bits. The bit rate is 40 Gb/s. 
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Fig. 4.40 Eye diagram (top row) and oscilloscope traces (bottom row) of the output of the 40 Gb/s TSI stages 

1 to 4. A, B and C denote the three different packets being reordered. 

 

4.3.2 Experimental results 

 

The time slot interchanger architecture was experimentally evaluated in a world-

first quad integrated MZI-SOA device. The quad device contains two twin MZI-SOA chips 

mounted on a motherboard, thus totalling four devices in the same package. A picture of 

the device is presented in Fig. 4.41. Although these devices offer increased compactness 
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relatively to the twin device, cooling requirements are more stringent, and thermal 

crosstalk is more significant. Thus, the Peltier cell and heat dissipation becomes more 

critical in this device, which justifies the oversized heatsink used in the experiment. The 

package dimensions of the quad MZI-SOA are 90×32×12 mm
3
, while those of the twin 

MZI-SOA are 65×30×14 mm
3
. 

In the experiment, 10 Gb/s NRZ packets were used and hence the counter-

propagating control scheme could be used, due to the relaxed gain recovery requirements. 

This enabled to reduce the number of laser sources required for the experiment. A 

schematic of the three stages TSI experimental setup is presented in Fig. 4.42. The 

wavelengths of the CW sources and multiplexer and demultiplexer filters are 1546.6 nm, 

1548.2 nm and 1559.8 nm, whereas the wavelength of the incoming packet signal is 1553 

nm. The binary sequence loaded to the sequence generator and error analyser is composed 

of four 40 bits long slots, thus totalling 160 bits. Each of the first three slots contains a data 

packet of 25 bits, and 15 empty bits behaving as a guard band. The last slot is empty. The 

relative delays of the ODL bank are the same as in the simulation, as given in Table 4-2. 

Thus, packet reordering at each stage is performed similarly to the simulation. To illustrate 

the packet reordering, the oscilloscope traces of the TSI input signal and outputs at each 

TSI stage are shown in Fig. 4.43. 

 

 

Fig. 4.41 Picture of integrated hybrid quad MZI-SOA. A 2 Euro coin is also shown for size comparison. 
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Fig. 4.42 Experimental setup of the three stages TSI. 

 

In order to measure the OSNR penalty, a flat spectrum ASE source with very large 

spectral bandwidth (in excess of 13 nm) and with high output power would be required to 

cause bit errors. Such equipment was not available and therefore the performance was 

experimentally assessed by measuring the power penalty instead of the OSNR penalty. The 

power penalty is the difference between the required optical power at the receiver input to 

attain a BER of 10
-10

 of the signal under study and the reference, which is the TSI input 

signal. The BER results are shown in Fig. 4.44, as a function of the receiver input power. 

No error floors are observed for any of the data sets. Fig. 4.45 depicts the power penalties 

measured in the experiment and also simulation results for the various TSI stages. The 

simulation results correspond to the ones presented in the previous section, but instead of 

calculating an OSNR penalty, a power penalty was calculated, to enable comparison to the 

experiment. The agreement between the experimental results and those from the simulation 

is not satisfactory at all. The experimental penalties are about 3.5 – 4.6 times larger than 

the simulated penalties. This discrepancy is attributed to sub-optimum operation of the 

MZI-SOA wavelength conversion in the experiment. Posterior improved experimental 

results [24] have shown smaller experimental penalties of 0.2, 0.78 and 1.43 dB which 

compare well to the simulation results of 0.30, 0.77 and 1.35 dB, for the first, second and 

third TSI stages, respectively. The penalty improvements were mainly obtained optimising 

the polarization stability of the probe signals. Additionally, a holding beam was also 

employed to reduce the ASE and improve the SOA recovery speed. 
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Input First stage

Second stage Third stage

 

Fig. 4.43 Experimental oscilloscope traces of the TSI input and outputs at each stage. The horizontal axis is 

time with a full span of 160 ns, and the vertical axis is current (arbitrary units). 
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Fig. 4.44 Experimental BER results of the TSI output at each stage, as a function of the received power. The 

lines connecting the data points are guides for the eyes. 
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Fig. 4.45 Power penalty of the TSI as a function of the number of stages obtained experimentally and by 

simulation. The lines connecting the data points are guides for the eyes. 

 

Comparing to the scalability studies of the previous section which investigated the 

optical packet compressor and decompressor with the TSI scalability, the latter shows 

better performance. Since each packet compressor and decompressor is composed of a 

significant larger number of MZI-SOA gates, this result is expectable. It is also for this 

reason that penalty introduced by the compressor and decompressor is super-linear on the 

number of cascaded pairs, whereas the TSI shows approximately linear dependence. 

 

4.4 Conclusions 

 

This chapter has presented three optical processing functions that were performed 

using a set of MZI-SOA gates. These functionalities have in common bit or packet 

displacement in time and arise in the context of next generation optical networks, either 

circuit or packet switched. 

The first functionality was WDM to OTDM conversion. A number of WDM 

channels are converted in the MZI-SOA to the same wavelength and to shorter width 

pulses. Then, the MZI-SOA outputs are time interleaved to produce an OTDM signal. 

Experimental and simulation evidence has shown that pulse broadening in the MZI-SOA 

causes inter-pulse crosstalk which prevented error free conversion of three WDM 40 Gb/s 
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to one 120 Gb/s OTDM channel. This effect was analysed through simulation and 

requirements on the pulse widths were established for the NRZ, CS-RZ and RZ input 

modulation formats. 

Then, to serve the demands of OPS networks, an architecture and implementation 

with MZI-SOA gates was proposed to perform compression and decompression of packets 

by all-optical means. The operation concept is based on producing replicas of the original 

packet at appropriate delays, choosing only the desired output symbols, and discarding the 

remaining. The presented architecture is transparent to the phase of the incoming symbols 

and hence is adequate for multi-level phase modulated packets. The performance of the 

packet compressor and decompressor was investigated for both BPSK and QPSK packets 

by simulation. An implementation with MZI-SOAs was studied for a base baud rate of 10 

Gbaud/s and compressed baud rates of 20 and 40 Gbaud/s. Again, the pulse width 

requirements of the input signal were investigated and a minimum value was established to 

be around 50% of the symbol period before the penalty rises steeply. Regarding the impact 

of the packet size, it was found that OSNR penalty is linear on the logarithm of the packet 

size. The OSNR penalty for a compressed baud rate of 20 Gbaud/s and 2
10

 symbols packets 

was 0.1 and 0.3 dB for BPSK and QPSK formats, respectively. For the same packet size, 

but a compressed baud rate of 40 Gbaud/s, the penalties rise to 0.2 and 0.4 dB for BPSK 

and QPSK formats, respectively. The cascadability of the packet compressor and 

decompressor combo was then studied. Only two compressor and decompressor pairs are 

accepted for an OSNR penalty below 1 dB. The rather limited cascadability is due to the 

accumulation of impairments from the insufficient SOA response time in the several MZI-

SOA gates that compose the packet compressor and decompressor. In a real device, the 

ODLs will have phase and delay mismatches relatively to the ideal values and thus 

requirements on these quantities were evaluated. As a rule of thumb, the maximum delay 

deviation in the ODLs should be 10% of the bit period, while the phase deviation should be 

below 50º and 17º for the BPSK and QPSK formats, respectively. 

Results with the same architecture, but with MZI-QDSOAs instead of MZI-SOAs 

were also obtained through simulation. The MZI-QDSOAs allows optical processing at 

higher bit rates and although the results were obtained at a base bit rate of 40 Gb/s and a 

compressed bit rate of 160 Gb/s, the same qualitative conclusions as for the MZI-SOA 

hold true. The OSNR penalty for the compression and decompression is again 
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approximately linear on the logarithm of the packet size, and for a BPSK 2
10

 bits packet, 

the penalty is 0.35 dB. Although this penalty is larger than for the corresponding case of 

the MZI-SOA, the packet compressor and decompressor based on the MZI-QDSOA shows 

better cascadability. Four pairs can be cascaded for an OSNR penalty below 1 dB. 

Finally, a feed forward wavelength-driven time slot interchanger based on 

wavelength conversion on the MZI-SOA was investigated. The performance of such 

system was simulated with three wavelengths per stage and at 10 Gb/s and 40 Gb/s using 

the non-differential and differential scheme, respectively. It was observed that the 

simulated penalty depended linearly on the number of cascaded stages. For a TSI with 

three stages, the simulated OSNR penalties are 1.4 dB and 4.5 dB for 10 Gb/s and 40 Gb/s, 

respectively. The higher bit rate operation suffered from increased intersymbolic effects 

due to the limited SOA gain recovery speed. If an additional MZI-SOA is required to 

convert the wavelength of all packets to the same wavelength, the arising penalty is similar 

to an additional TSI stage. 

The TSI was also implemented experimentally using a world-first integrated quad 

MZI-SOA. No error floors were observed, for a three stages MZI-SOA, and the measured 

power penalty was 4.8 dB. The simulation has predicted a much lower penalty of 1.35 dB, 

which was found to be comparable to a posterior experimental assessment of the three 

stages TSI where a penalty of 1.45 dB was measured. 

Overall, the MZI-SOA performance has been studied for three different 

applications for time domain processing. The capability to perform such varied processing 

functions attests the MZI-SOA versatility, but the cascadability of these devices, 

depending on the application, can be inadequate, requiring intermediate regeneration 

stages. 
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Chapter 5 Optical crosstalk modelling and its effects 
in optical WDM networks 

 

Crosstalk is a major impairment in optical networks causing large power penalties 

and bit error rate (BER) floors [1]. It is due to reflections from splices or connectors, or to 

other signals leaking from optical cross-connects, add-drop multiplexers, or wavelength 

routers [1]-[4] and interfering with the signal. 

The optical amplifier is a key component of modern optical networks, which 

amplifies the optical signals while generating amplified spontaneous emission (ASE) 

noise. At the receiver, the signal beats with the ASE noise thereby further degrading the 

BER. 

Optical networks employing both crosstalk inducing components [1] and optical 

amplifiers, or SOA based switches [5], [6] have their performance impaired by both 

crosstalk and ASE. Particularly, sub-systems that employ MZI-SOA performing as space 

switches will have their performance impaired by these effects. One example is the time 

slot interchanger based on space switching, which can have its scalability limited by the 

accumulating crosstalk. Simple models for estimating the BER due to both crosstalk and 

ASE are therefore extremely useful. 

In this chapter, in section 5.1, the calculation method that will be used throughout 

the chapter to draw conclusions in the crosstalk impact on network performance is 

presented. The method is based on the Modified Chernoff Bound (MCB) and it will be 

used to calculate the BER in the presence of crosstalk considering a signal distorted by 

narrow optical and electrical filters. It presents an extension of previous literature to 

include the effects of the distorted signals on the crosstalk penalties. The results of the 

MCB method are compared to semi-analytical and Monte Carlo simulation and to 

experimental results. 

Afterwards, in section 5.2, the crosstalk induced penalty is evaluated by the MCB 

method for an optical system with narrow optical filtering, detuned optical filtering, and 

narrow electrical filtering. It is shown that the crosstalk penalty can be higher than 

expected for such conditions. A practical network scenario is considered, where cascaded 



             Optical Processing Devices and Techniques for Next Generation Optical Networks 

 

 163 

filtering is considered and it is demonstrated that the maximum number of cascaded filters 

is reduced when the combined crosstalk and filtering penalty is taken into account, when 

compared to the sum of the expected crosstalk penalty and the filtering penalty. 

Section 5.3 is dedicated to the analysis of a time slot interchanger based on MZI-

SOA space switches. In each TSI stage crosstalk and ASE accumulate, which limit the 

maximum number of TSI stages. An improved TSI structure is proposed, that alleviates the 

crosstalk requirements of the individual space switch. 

In section 5.4 of this chapter, the transmission effects as chromatic dispersion and 

self phase modulation are taken into account in the crosstalk signal. It is observed that 

when the crosstalk signal contains strong over-shoots from self-phase modulation, the 

crosstalk penalty is higher than expected. 

Finally, conclusions about this topic are drawn in section 5.5. 

 

5.1 BER calculation method for crosstalk impaired networks with 
intersymbolic effects 

 

A number of techniques exist for evaluating the BER in an optical network 

impaired by crosstalk (see [7] for an extensive list of references). The simplest techniques 

assume that the crosstalk beatings have Gaussian statistics [1]. Whilst this approach is 

analytically tractable, it does not give accurate results when the number of interfering 

crosstalk channels is small [1], [8]-[11]. Alternative, more accurate techniques, like the 

Gram-Charlier series approximation [12], or the Gaussian Quadrature Rule, [13] require a 

heavy computational effort. For estimating the effects of crosstalk, the Modified Chernoff 

Bound (MCB) approximation [14] stands out for its computational simplicity, while 

providing reasonably accurate BER uppers bounds [10], [13]. Additionally, a considerable 

number of methods exist for calculating the BER due to ASE noise. The simplest assume a 

Gaussian approximation [15], [16], whereas the most complex use more accurate noise 

statistics [17]-[19]. The calculation method described in [16], which has been already used 

in the preceding chapters, has proven to be accurate, while modelling arbitrary optical and 

electrical filter shapes [16], [20], [21]. 

Analytical models were also developed for calculating the BER of signals impaired 

by both ASE and crosstalk. An all Gaussian approximation for both crosstalk and ASE has 
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been used [2], which again does not yield accurate results when the number of crosstalk 

channels is small [1]. More accurate methods of calculation resorted to numerical 

averaging of the crosstalk optical carrier phases, while dealing analytically with the ASE 

using a Gaussian approximation [22], [23]. However, the computational effort required by 

this method grows exponentially with the number of crosstalk channels, due to a series of 

time consuming numerical integrations. Other alternative methods have derived a Moment 

Generating Function (MGF) for the received signal in the presence of ASE, and used it 

together with one [24], infinite [25], and even an arbitrary number [26] of crosstalk 

interfering channels MGFs. However, this ASE-ASE and ASE-signal beatings MGF is 

only valid for both a rectangular optical filter with a bandwidth multiple of the signal bit 

rate, and an integrate-and-dump electrical filter. A more elaborate MGF could also be used 

for arbitrary optical and electrical filter shapes [18]. Although accurate, this method is 

computationally expensive and time consuming. 

Despite all the above efforts there is arguably still a need for a method of 

calculation which is accurate and does not require lengthy calculations. An accurate and 

computationally simple method, for calculating the BER of a received signal impaired by 

both crosstalk and ASE, with arbitrarily shaped optical and electrical filters will now be 

described. The tractability of this approach is ensured by neglecting the contribution of the 

second order magnitude crosstalk-ASE beatings, without compromising the accuracy of 

the results. The omission of the crosstalk-ASE beatings terms enables both handling the 

crosstalk-signal beating terms with adequate accuracy, and modelling the signal-ASE 

beatings separately, assuming a Gaussian approximation which has been experimentally 

shown to give accurate results [27]. The separate treatment of the noise beating terms also 

enables capturing the effect of optical and electrical filters with arbitrary shapes. 

Conversely, simulation of the optical signal through the system under study provides the 

best signal description. Thus, a quick signal simulation will be done to extract signal data, 

which is then fed to the BER calculation method. 

In the next sub-section (5.1.1) it will be shown that this simplification leads to an 

analytical MGF suitable for applying the MCB, and provides a method for calculating the 

BER in the presence of both crosstalk and ASE, which is both accurate and requires little 

computational effort, when compared with other extant methods. In the sub-section 5.1.2, 

the results obtained with this method are both discussed and compared to the results 
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obtained with semi-analytical and Monte Carlo simulation methods, and also to 

experimental results, demonstrating the accuracy of the method. 

 

5.1.1 Theory 
 

The studied system model is shown in Fig. 5.1. The receiver consists of an optical 

band-pass filter and a square law detector, followed by an electrical filter with an arbitrary 

shape. The current is then fed to a decision circuit.  

 

 
Fig. 5.1 Receiver schematics: optical band pass filter (OBPF); square law photodetector (PD); electrical filter 

(EF). 
 

The electrical field of the optical signal at the photodetector input can be, generally, 

given by 


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
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where )(tE s  and )(tE k  represent the electric field of the signal and of the k
th

 crosstalk 

interferer, respectively, N is the number of crosstalk channels, and )(tnin  represents the 

incoming ASE electric field. In the expression (5.1), ho(t) is the impulse response of the 

optical filter. For the time being, it is assumed that the optical filter bandwidth is large 

enough to only filter the ASE noise without affecting the signal and crosstalk pulse shapes. 

In this case, the optical field at the photodetector input can be given by 

)()()()(
1

tntEtEtE
N

k

kspd ++= ∑
=  (5.2) 

where ( )n t
�

 denotes the optically filtered ASE electric field. Assuming unitary 

photodetector responsivity, the detector current is 

2
*( ) ( ) ( ) ( ) ( ) ( )pd pd pdpd el eli t E t n t E t E t n t= + = ⋅ +
���

�� ��

 (5.3) 

where ( )eln t  is the post-detection generated electrical Gaussian noise. The electric field of 

the signal and the crosstalk can be given, respectively, by 

OBPF 

( )pdE t
��Incoming signal + 

ASE + crosstalk 

PD EF 
Decision 

circuit 

( )pdi t ( )i t
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( )( ) exp ( )s s s ssE p A t j t j tω ϕ= +
�� ��

 (5.4) 

( )( ) exp ( )k k k kkE p A t j t j tω ϕ= +
�� ��

 (5.5) 

where As(t) and Ak(t), )(tsφ  and )(tkφ , s
p and k

p , and sω  and kω  are the signal and 

crosstalk field envelope amplitudes, phases, polarisations, and optical frequencies, 

respectively. The electrical filter output current can be given by ( ) ( ) ( )pd ei t i t h t= ⊗  where 

he(t) is the electric filter impulse response. Hence, the received electrical current can be 

written in the following way: 
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where the explicit time dependence (t) has been dropped off to keep the notation simple. 

The phase difference between signal and crosstalk is denoted by kskssk tt φφωωθ −+−=∆ , 

and c.c. designates the complex conjugate of the preceding term. 

The first and second right hand side terms of (5.6) are the signal and crosstalk 

powers, respectively. The second term represents additive crosstalk power, which is always 

present regardless of other conditions. Again, for now, it is assumed that the electrical filter 

bandwidth is large enough not to cause signal or crosstalk pulse distortion, thus simplifying 

the calculations. However, the effect of noise filtering is modelled by using the appropriate 

noise variance [16]. 

The signal-crosstalk beating, is-x(t), is responsible for the interferometric noise. The 

nominal laser frequencies of each crosstalk laser source are assumed to be identical to the 

signal laser frequency, i.e., in-band crosstalk noise is assumed. In this case, the cosine 

argument kskssk tt φφωωθ −+−=∆  in is-x(t) simply gives kssk φφθ −=∆ , which depends 
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only on the phase difference between the signal and crosstalk. The magnitude of is-x(t) is 

maximum for co-polarized signal and crosstalk, and vanishes for orthogonal signal and 

crosstalk polarizations. Here, the signal and crosstalk are assumed to be co-polarized, i.e., 

1. =ks pp
��

, which is a worst case. Additionally, it is assumed that the signal and crosstalk 

pulses overlap in time. 

The crosstalk-crosstalk beatings, ix-x(t), represent interferometric noise caused by 

the various crosstalk channels, and are similar to the signal-crosstalk beatings, as far as the 

polarization and frequency difference between crosstalk channels are concerned. 

The signal-ASE beating, is-ASE(t), is usually the dominant noise term in pre-

amplified systems. Both the optical and the electrical filters significantly affect the BER, 

by filtering the ASE noise beatings. The |n|
2
 term in (5.6) encompasses both the ASE-ASE 

beating, and the ASE power. The exact signal–ASE and ASE–ASE beatings variances, 

2

ASEs−σ
 and 

2

ASEASE−σ
, respectively, assuming arbitrary filter shapes and constant signal 

power, can be given by [16], [28] 

∫
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where He(f) and Ho(f) are the electric and optical filters frequency responses, respectively, 

and SASE is the ASE noise spectral power density. This approach enables modelling 

arbitrary filter shapes with accurate results [16], [20], [21]. 

Finally, nel in (5.6) represents all the electrical noise generated after photodetection, 

and is assumed to be Gaussian distributed. Its variance after electrical filtering is given by 

σel
2
. 

When both the crosstalk and ASE noise powers are much smaller than the signal 

power, both the crosstalk-crosstalk beatings ix-x(t), and the crosstalk-ASE beatings ix-ASE(t), 

are only of a second order magnitude compared to the other first order beating terms, and, 

hence, can be safely neglected without compromising the accuracy, as will be verified. 

With these simplifications, the electric current can be given by 
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Neglecting the crosstalk-ASE beatings, results in a current, i(t), where the 

remaining crosstalk and ASE beating terms are all statistically independent. Therefore, the 

moment generating function (MGF) of the sum of independent current terms can be given 

by the product of the MGFs of the signal-crosstalk beatings and the MGF of the signal-

ASE beatings [29]. 

The assumption that the phases ϕk are uniformly distributed in [0, 2π[ leads to an 

arcsine probability density function (PDF) for the signal–crosstalk beating [30]. The 

resulting signal–crosstalk beating MGF MX(z) can be expressed by 

0

1

( ) (2 )

N

X s k

k

M z I A A z

=

= ∏  (5.14) 

where I0 is the zero order modified Bessel function of the first kind [30]. z has been used 

instead of the typical s parameter of the MGFs, to prevent confusion with the subscript s 

representing the signal.  

Using the Gaussian approximation and neglecting crosstalk-ASE beatings, the 

MGF of the ASE beatings is [29] 

( )2 2 2( ) exp ( ) / 2ASE s ASE ASE ASEM z zσ σ− −= + . (5.15) 

Finally, the MGF of the electrical Gaussian noise can be given by 

( )2 2( ) exp / 2el elM z zσ= . (5.16) 

Therefore, the MGF, Mi(z), of the photodetector current i(t) is equal to the product of the 

individual MGFs: 
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 (5.17) 

It should be emphasised that an analytical and exact MGF for the first order received 

current could only be obtained by neglecting all second order current terms. This MGF is 

now used to derive theoretical expressions for the BER, which are accurate provided the 

crosstalk and ASE noise powers are relatively small compared to the signal power. 

The BER for “0” and “1” bits can be calculated by applying the MCB to the MGF 

of i(t) [31], which is given, respectively, by 

( )(0) (0) (0) 2
0 0 0 0(0)

0

1
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where D represents the decision threshold, the total variance is 
2 2 2 2

tot s ASE ASE ASE el
σ σ σ σ

− −
= + + , and 

where the superscripts (1) and (0) in the variables denote a conditioning on the signal to be 

a “1” bit or a “0” bit, respectively. To obtain a tight BER bound, the expressions (5.18) and 

(5.19) are minimized with respect to z1, for “1” bits, and, z0, for “0” bits [31]. For a 

sequence of 2L bits, with equal number of “0” and “1” bits, the BER upper bound, MCBseq, 

can be given by 

(0) (1)
0 1

1 1

1
( , ) ( , )

2

L L

seq l l

l l

BER MCB MCB z D MCB z D
L

= =

 
< = + 

  
∑ ∑  (5.20) 

which, by bringing out D into evidence, gives 
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The subscript l refers to a specific bit of the bit sequence. The last expression is valid for 

fixed crosstalk amplitudes. When all the crosstalk channels have equal power and 

extinction ratio, i.e., Ak
(1)

 = Ax
(1)

 and Ak
(0)

 = Ax
(0)

, k= 1, …, N, the variables m0(z0) and 

m1(z1), can be averaged over all the possible signal and crosstalk bit combinations, giving 
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where the crosstalk power for “0”s has been neglected inside the exponential. 

The minimum BER can be analytically derived from (5.21), by optimising the 

decision threshold D. The optimum decision threshold Dopt, can be found by solving the 
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equation that results from setting the derivative of (5.21) with respect to D to zero, which 

gives 

0 0 0

1 0 1 1 1

( )1
ln
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opt

z m z
D

z z z m z

 
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The optimum MCBseq is obtained by substituting Dopt in (5.21), which gives 
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Note that (5.27) is a general result that is valid for any MGF, regardless of the statistical 

properties of the noise and crosstalk, as long as the MCB can be given by (5.21). 

Finally, the minimum BER is obtained by minimizing the optimum MCB in (5.27), 

with respect to both z1 and z0, 
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Expression (5.28) , together with (5.22) and (5.23), or (5.24) and (5.25) enable the 

calculation of a BER approximation, where the effects of crosstalk and of ASE noise 

filtering by both the optical and electrical receiver filters are captured, respectively, by the 

MGF for “0” and “1” bits, given by m0(z0) and m1(z1), and by the filtered variances given 

by (5.11) and (5.12). The model computational simplicity is due to the relatively small 

effort required to minimize (5.27), where both m0(z0) and m1(z1) are given analytically, 

with all bit combinations implicitly considered. Consequently, this method requires much 

less computational effort compared to the Monte Carlo, and even to other semi-analytical 

simulation methods. 

However, the MCB, as is, does not take into account the ISI effect caused either by 

optical or electric filtering. In order to account for the distortion in the signal, the optical 

and electrical filters effect on the signal and crosstalk should not have been neglected in 

equation (5.1) and (5.6), respectively. In that case, the final current would have been 
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where is and ik are the signal and crosstalk currents in the absence of other optical fields, 

given by 
2

( ) ( ) ( )s s o ei t A h t h t= ⊗ ⊗  and 
2

( ) ( ) ( )k k o ei t A h t h t= ⊗ ⊗ , which capture the effect of 
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optical and electrical filtering. The signal - crosstalk beating term is more complex, and 

cannot be written in a simple way in terms of the detected currents is and ik. Therefore, for 

this particular factor, it will still be assumed that the filters do not affect the signal and 

crosstalk signal shapes significantly. Hence, the final expression of the current is 

( )
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By comparison with the previously derived current and respective MGF, the new MGFs 

are 
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The latter MGFs are no longer exact up to the first terms of the current as the former 

MGFs, since the former were derived from the properties of As and Ak and not of is and ik. 

More details of the implementation of the MCB method with the eye diagram simulation 

are given in Appendix F. However, it will be seen by the results that the approximate 

MGFs do capture the effect of both intersymbolic interference and crosstalk at the same 

time with proper accuracy. It should also be added that, from the point of view of the 

signal shape, the distortion can be caused not only by optical and electrical filters, but also 

from dispersion or non-linear effects. On the other hand, the noise variances assume white 

Gaussian ASE noise filtered by the considered filters, which might not be the case for a 

system with non-linear effects. 

One limitation of this method is that, due to the approximation that the signal - 

crosstalk beating term is not affected by the filters, the method is not able to correctly 

model the case when the crosstalk signal is itself distorted. Whereas for the signal the most 

important term is is, and it captures the filter effects, for the crosstalk, the most significant 

term is the signal - crosstalk beating term and it does not capture the filter effects. In 

section 5.4 a similar situation, where the crosstalk signal is distorted, will be considered. A 

brief test of the method in this situation is done in Appendix G. Future work could include 

the improvement of this aspect of the derived method. 

Now, with the complete theoretical model, is and ix must be determined. In order to 

calculate the is and ik, a noiseless and crosstalk-free simulation of the signal is performed, 
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considering the optical filter cascade in the optical path and the electrical post-detection 

filter to produce an ISI impaired eye diagram. A histogram of the signal is then obtained 

from the eye diagram at the desired sampling time, e.g. at the point of maximum eye 

aperture, to obtain the filter induced ISI effect. Each of the histogram power values are 

then used in the MCB, instead of the steady state mark and space power levels. The final 

MCB result is the weighted averaged of all the bounds obtained from each power level, 

where the weights are the occurrences of each power level of the signal histogram. Hence, 

a BER estimate for a crosstalk and ISI impaired signal is obtained without the need of a 

large number of simulation runs. Naturally, when the filtering effects do not affect the 

signal at the sampling instant, the MGFs given by equations (5.31) and (5.32) are 

equivalent to those given by (5.24) and (5.25), and the simulation is not required. 

The probability density function associated to the obtained MGF will now be 

analysed. It had been previously shown that both the crosstalk-ASE and the ASE noise 

beating terms result in an asymmetric current PDF, leading to a complex and hardly 

tractable MGF [32]. However, in this derivation of the photocurrent PDF, we assumed 

Gaussian ASE beatings and neglected the crosstalk-ASE beatings, which results in a 

symmetric photocurrent PDF, and leads to an analytically tractable MGF. Moreover, when 

both the crosstalk and the ASE power are much smaller than the signal power, the exact 

PDF tends to the symmetrical PDF, which justifies the previous approximations in this 

region. Therefore, although the expressions for calculating the BER were derived assuming 

a first order current PDF approximation, the accuracy of the results is not expected to be 

significantly hampered, provided that both crosstalk and ASE power are relatively small. 

Both the simulation and the experimental results presented in the next section confirm this 

view. 

Fig. 5.2 plots both the exact and the approximate PDFs, for an optical signal 

impaired by one crosstalk channel with SXR = 14 dB and ASE noise with OSNR= 34.3 dB 

measured over a 0.1 nm bandwidth. The optical and electrical filter bandwidths at -3 dB 

are 50 GHz and 10 GHz, respectively, which do not introduce patterning effects at the eye 

diagram centre. 

A comparison of the two PDFs, shows that the approximate PDF overvalues the 

leftmost part of the exact PDF of the “1” bit, which overestimates the BER for “1” bits. On 

the other hand, the approximate PDF undervalues the rightmost part of the exact PDF of 
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the “0” bit, which underestimates the BER for “0” bits. Incidentally, when an optimum 

threshold level is used, the overestimation of the BER for the “1” bits is partially 

compensated by the underestimation of the BER for the “0” bits [21]. Consequently, 

although the MCB usually gives a tight BER upper bound, the derived method gives only 

close approximate BER results.  
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Fig. 5.2 Asymmetric exact (full line) [32], and approximate symmetric (dashed) current probability density 

function of a “0” and a “1” bit impaired by both a “1” crosstalk bit, and ASE noise. 

 

5.1.2 Results and discussion 
 

In the following, the numerical results obtained with the previously presented BER 

calculation method are presented and validated both by simulation and experimentally 

using identical test setups. 

The experimental setup for measuring the BER is depicted in Fig. 5.3. There are 

two independent, but synchronized, 2
31

-1 pseudorandom bit sequence data generators at 10 

Gb/s (PRBSG1 and PRBSG2), for generating the signal and up to three crosstalk channels. 

The ASE noise is added to both the signal and crosstalk before optical filtering and 

photodetection by a p-i-n photodiode. The BER is measured from the photodiode output 

signal, by comparing it with an optimum data threshold level, at optimum sampling instant. 

The in-band incoherent crosstalk is generated by splitting the output power of one of the 

data generators into three separate optical fibre paths, of different lengths (2 metres, 760 

metres, and 1000 metres) of standard single mode fibre, for decorrelating the laser phase 

among the three paths. Two of the three crosstalk paths can be disabled for measuring the 

BER with only one crosstalk channel. The OSNR is measured over a 0.1 nm bandwidth. 
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The semi-analytical simulation [16] is performed by simulating several 2
12

-1 

pseudorandom bit sequences for both signal and crosstalk with random phase differences 

and random sequence delay, while the ASE noise is accounted for analytically using the 

Gaussian approximation. Each simulation is run 1000 times throught the results of this 

chapter, which is a large enough number of simulations to have good accuracy at a 

reasonable computation time. The semi-analytical simulation method has been shown to 

give accurate results when compared to those obtained with more sophisticated and 

theoretically exact methods [16], [20], [21], as already mentioned. Moreover, its results 

can be justifiably compared with the results of the BER calculated through the MCB 

method presented in the previous section, because both methods return the BER 

corresponding to the same random optical electromagnetic field variable at the optical 

receiver input. 

The BER results calculated with the MCB method are compared with similar 

results obtained both with the semi-analytical method and in the experiment, using the 

experimental set up depicted in Fig. 5.3. 

CW MZM

Error

Detector

ASE loading

Crosstalk

PRBSG 2
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OSA

EDFA
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Clock

 
Fig. 5.3 Experimental setup for measuring the BER of a signal impaired by three crosstalk channels and ASE. 

CW – Continuous wave laser; MZM – Mach-Zehnder modulator; OBPF – Optical band pass filter; PD – 

Photodiode with electrical filter; PC – polarization controller; VODL – Variable optical delay line; Att – 

Attenuator, PRBSG - Pseudorandom Bit Sequence Generator. 

 

The BER has been plotted in Fig. 5.4 as a function of the signal to crosstalk ratio 

(SXR), defined as the signal power divided by the total crosstalk power, for 22.7 dB OSNR 

and a 50 GHz optical filter bandwidth. Two separate sets of plots are shown in the figure, 
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corresponding to three crosstalk data channels (N=3) and one crosstalk data channel (N=1). 

Both the BER test signal and the crosstalk signals have 11 dB extinction ratios. Each set of 

plots compares the results obtained with the MCB calculation method, both with the results 

obtained with the semi-analytical simulation method, and with experimental results. 
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Fig. 5.4 Experimental, semi-analytical simulation, and MCB BER results for N=1 and N=3 crosstalk 

channels as a function of the signal to crosstalk ratio. The OSNR is 22.7 dB and the optical filter bandwidth 

is 50GHz. The lines connecting the data points are guides for the eyes. 

 

The set of plots, corresponding to N=1, are practically in full agreement, with a 

maximum discrepancy of 0.5 in units of log10(BER) between the experimental and 

numerical results. Hence, the MCB method is validated both by the semi-analytical 

simulation results, and by experimental results, even for large BER caused by crosstalk. 

For the set of plots corresponding to N=3, i.e., with three independent crosstalk data 

channels, the agreement between the MCB calculation method and the simulation is still 

very good, although there is a slight discrepancy for very high BER (>10
-3

) of 0.5 in units 

of log10(BER), corresponding to large SXR. The discrepancy could be due to the second 

order approximation, or to the inherent approximative nature of the MCB. Nevertheless, 

remarkably, the MCB method only deviates from the simulation results for very large 

values of BER. Therefore, the MCB calculation method can still be applied to systems 

employing Forward Error Correction, which typically operate at a BER of around 10
-4

. 
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There is also a good agreement with the experimental results, which show the same trend 

as the MCB results, although with a larger discrepancy of 1 in units of log10(BER). The 

lower measured BER in the experiment compared to simulation and MCB is likely to be 

explained by the difficulty in maintaining the polarization alignment between the three 

crosstalk channels, which is a worst case. The use of polarization maintaining components 

would have improved the results. 

In order to better assess the match between the experimental and numeric (either 

semi-analytical or MCB), the reduced chi-squared has been calculated according to the 

following expression: 

( )
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k k

kk

e s
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−
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where ek and sk are the experimental and simulated log10(BER) results, respectively, σk is 

the standard deviation of the experimental result, and K is the number of measured or 

simulated results. The experimental standard deviation is considered to be 5% of the 

|log10(BER)| value, plus 0.05. The percentage factor represents the higher uncertainty that 

measurements at lower BER results have, due to the fewer bit errors that are observed, 

whereas the additional 0.05 factor prevents that for high BER the uncertainty is too low. 

The chi-squared values for the one channel results are 0.97 and 0.80 for the semi-

analytical and MCB results, respectively. Since these values are below 1, the observed 

discrepancies can be explained by the errors, therefore demonstrating a good agreement 

between results. However, for the three channel results, the chi-squared values are 3.4 and 

8.7, for the semi-analytical and MCB results, respectively. The standard deviations cannot 

explain such larger deviations, but it has already been discussed that there is a systematic 

error. Experimental results systematically undervalue those of MCB and semi-analytical 

simulation, most likely due to polarization fluctuations of the four involved signals, leading 

to lower than expected crosstalk effects, thus justifying such high chi-squared values. 

Additional simulation results shown in Fig. 5.5, with an extinction ratio of 10 dB, 

demonstrate that the MCB method results also agree well with simulation results for five 

crosstalk channels for BER <10
-3

. Again, at large BER (>10
-3

) the MCB overestimates the 

semi-analytical simulation due to the 2
nd

 order approximation and the non-exact nature of 

the MCB, as in the results of Fig. 5.4. 
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Fig. 5.5 Semi-analytical simulation and MCB BER results for N =1, 3 and 5 crosstalk channels as a function 

of the signal to crosstalk ratio. The OSNR is 22.7 dB and the optical filter bandwidth is 50GHz. The lines 

connecting the data points are guides for the eyes. 

 

Fig. 5.6 plots three sets of BER plots as a function of the OSNR for a 30GHz 

optical filter bandwidth and N=3 independent crosstalk channels. Each set of plots, from 

the left to the right of Fig. 5.6, corresponds to a different SXR value of 30 dB, 25 dB and 

20 dB, respectively. Both the signal and crosstalk pulses have an 11 dB extinction ratio. To 

double check, additional BER results were calculated with Monte Carlo simulations, albeit 

only for BER larger than 10
-8

, and are plotted in Fig. 5.6 alongside the results of the other 

methods. 

The agreement between the theoretical results obtained with the MCB method and 

both the semi-analytical and the Monte Carlo simulation methods, on the one hand, and 

between all the theoretical and experimental results, on the other hand, is again excellent 

over a broad range of values, with a maximum discrepancy between all methods of 0.5 in 

units of log10(BER), and low chi-squared values. The chi-squared values for the semi-

analytical simulation are 0.09, 0.28, and 0.53, respectively, for SXRs of 30, 25, and 20 dB. 

Similarly, for the MCB method, the chi-squared values for the same SXR values are, 

respectively, 0.10, 0.34, and 0.68. Again, whenever the crosstalk impacts more severely the 

signal, the deviations between the experiment and semi-analytical simulation or MCB are 

also larger. Still, in this set of results, the discrepancies between semi-analytical simulation 
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and the MCB are small because the crosstalk power is low and the second order terms are 

not significant. 
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Fig. 5.6 Experimental, semi-analytical, MCB and Monte Carlo BER results as a function of the optical signal 

to noise ratio, for SXR = 20, 25, 30 dB and an optical filter bandwidth of 30GHz. The lines connecting the 

data points are guides for the eyes. 

 

The validity of the MCB calculation method has been established over a wide range 

of OSNR and SXR values. In the following, it will be shown that the MCB method also 

captures the effect of processing of noise by specific optical and electrical filter shapes on 

the system BER, which is essential in WDM systems. This makes the MCB method a most 

useful tool to analyse these systems, especially as earlier BER calculation methods have 

not modelled computationally efficiently the combined effects of crosstalk and system 

noise when modified by the properties of the optical and electrical filters. 

The behaviour of the MCB method is now studied for different optical filter 

bandwidths. Fig. 5.7 and Fig. 5.8 plot MCB and semi-analytical, and MCB and 

experimental BER results, respectively, as a function of SXR (N=3 crosstalk channels) for 

three different optical filter bandwidths while assuming a constant ASE power spectral 

density (corresponding to 19.5 dB OSNR). Both the signal and crosstalk pulses have a 10 

dB extinction ratio and the electrical bandwidth is 10 GHz. The agreement between the 

MCB and semi-analytical and experimental results is again verified to be good, with the 

maximum discrepancy between the methods to be 0.5 in units of log10(BER). In Fig. 5.4 it 

had been observed that for large BER (>10
-4

) the agreement between the MCB and other 
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methods degraded due to high crosstalk powers involved. In Fig. 5.7 and Fig. 5.8 this 

effect is not noticeable since lower crosstalk powers have been used (SXR>15dB). 
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Fig. 5.7 Semi-analytical (marks) and MCB (lines) bit error ratio results for three different optical bandwidths 

(30, 40, and 70 GHz), versus the signal to crosstalk ratio. 
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Fig. 5.8 Experimental (marks) and MCB (lines) bit error ratio results for three different optical bandwidths 

(30, 40, and 70 GHz), versus the signal to crosstalk ratio. 
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The reduced chi-squared has also been calculated in this case for the MCB results, 

giving 0.16, 0.32, and 0.23 for the optical bandwidths of 30, 40 and 70 GHz, respectively, 

demonstrating a good agreement. However, for the semi-analytical simulation results, the 

chi-squared is 1.0, 1.1, and 0.50, respectively, for bandwidths of 30, 40 and 70 GHz. The 

agreement is not as good as in the previous case, but the chi-squared values are still around 

1, which means that the discrepancies can be just explained by the random errors 

quantified by the standard deviation. It is observed that the experimental results are lower 

than those of the simulation, which can be again justified by the polarization fluctuations. 

Since the studied bandwidths are quite larger than the spectrum bandwidth of the 

optical signal, the optical filter does not filter the signal and therefore no intersymbolic 

effects are introduced. Hence, it is observed that the larger the bandwidth of the filter, the 

larger BER is obtained. However, if the filter bandwidth is sufficiently narrow, 

intersymbolic effects will appear which will increase the BER. Consequently, there will be 

an optimum filter bandwidth which produces the lowest BER, representing the trade-off 

between noise filtering and intersymbolic effects. This effect is studied next by simulation. 

Fig. 5.9 plots the BER results obtained with both the MCB and the semi-analytical 

simulation methods as a function of the electrical filter bandwidth (normalized to the bit 

rate), for three different optical filter bandwidths. The electrical filter is a 3rd order Bessel 

filter and the optical filter is a 2
nd

 order super-Gaussian filter. The OSNR is 17.5 dB and 

the SXR is 25 dB with three crosstalk channels. 

Since the standard MCB calculation method, without signal simulation, does not 

account for inter-symbolic interference (ISI), it is expected that for very narrow electrical 

bandwidths the MCB will give too optimistic, unrealistic results. The semi-analytical 

simulation is able to determine an optimum electrical bandwidth compromising between 

noise filtering and ISI, while the MCB always predicts a lower BER for narrower 

bandwidths. Nevertheless, the MCB gives good BER estimates for bandwidths as low as 

70% of the bit rate, which are the typical filter bandwidths. 

However, if narrower filters are employed, a short simulation for determining the 

eye closure is performed for accounting for the ISI before applying the MCB calculation 

method with the partially closed eye, as explained in section 5.1.1. The results obtained 

using this technique are also shown in Fig. 5.9 where it is clear that using the eye aperture 

data in the MCB (MCB-EA in Fig. 5.9) returns the correct trend even for narrow electrical 
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bandwidths. The optimum electrical bandwidth found by the MCB-EA, and by semi-

analytical simulation differs by about 5% of the the bit rate, and the absolute optimum 

BER value differs at most by about half an order of magnitude (0.6 in units of log10(BER)). 

In conclusion, the MCB method with eye aperture data (MCB-EA) is capable of  

calculating the BER in WDM systems with arbitrary optical and electrical filtering 

impaired by ASE and crosstalk, in a computationally inexpensive manner and reasonable 

accuracy. 
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Fig. 5.9 Error probability by semi-analytical simulation and modified Chernoff bound without (MCB) and 

with (MCB-EA) eye aperture data versus the electrical bandwidth of a 3
rd

 order Bessel filter, and a 2
nd

 order 

Gaussian optical filter with the displayed optical bandwidths (20, 30, and 50 GHz) for three crosstalk 

channels. The SXR is 25 dB and the OSNR is 17.5 dB. The grey lines (semi-analytical simulation) are guides 

for the eyes. 

 

The BER accuracy of the MCB method with the eye aperture data as a function of 

the optical bandwidth has also been investigated, and the results are reported in Fig. 5.10. 

The receiver electrical filter is a 3rd order Bessel filter with a bandwidth of 10 GHz, and a 

uniform Bragg grating is used as optical filter, with 1.3 kGrLGr parameter, where kGr is the 

coupling coefficient and LGr is the grating length. Again, for very narrow optical 

bandwidths, less than 1.5 times the bit rate, the optical filter introduces severe 

intersymbolic effects, which are appropriately modelled by the semi-analytical method and 

the MCB-EA, but not by the MCB. As such, the MCB always predicts a decreasing BER 

for decreasing bandwidths, whereas the MCB-EA predicts an optimum optical filter 
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bandwidth of 1.3 times the bit rate. The largest discrepancy between the MCB-EA and the 

semi-analytical simulation is 0.3, in units of log10(BER). 
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Fig. 5.10 Error probability by semi-analytical simulation and modified Chernoff bound without (MCB) and 

with (MCB-EA) eye aperture data versus the optical bandwidth of a 3
rd

 order Bessel filter (10 GHz 

bandwidth), and a uniform Bragg grating optical filter with kGrLGr parameter of 1.3, for three crosstalk 

channels. The SXR is 25 dB and the OSNR is 18 dB. The grey line (semi-analytical simulation) is a guide for 

the eyes. 

 

 

5.2 Filtering effects in crosstalk penalties 

 

The MCB method presented before has proved to be accurate, while 

computationally inexpensive. In this section, the MCB method with eye aperture data will 

be used for calculating the impact of narrow or detuned optical filtering and narrow 

electrical filtering in a network scenario. Whenever the MCB method is evocated, its 

variant with eye aperture is assumed, unless otherwise stated.  

The optical cross-connect (OXC) is being adopted in optical networks, enabling the 

traffic to be routed in the optical domain. It provides flexibility, while avoiding the costly 

optical-electrical-optical (OEO) conversions. However, the OXC introduces in-band 

crosstalk [33] and filters the optical signal [34]. At the end of the transmission link, the 

optical signal accumulates a number of crosstalk interferers and can be also severely 

filtered, which will result in a degraded signal bit error rate (BER) performance [1], [2]. 
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With the introduction of forward error correction (FEC) in optical networks, more signal 

degradation is allowed, but more precise knowledge of the impairments is needed due to 

the sharp FEC threshold [35]. Therefore, it is important to accurately assess the impact of 

the impairments on the signal performance so that the maximum number of cascaded OXC 

is correctly predicted. 

The impact of crosstalk on the signal performance has been extensively studied 

[36], as well as the impact of optical and electrical filtering, namely on systems affected by 

ASE [37]. The crosstalk studies usually consider an ideal shape of both signal and 

crosstalk signal, while the studies on the impact of narrow optical and electrical filtering do 

not consider crosstalk. The combined effect of various impairments should be studied, 

since larger penalties than expected can arise when compared to a separate assessment of 

impairments’ effects.  

Because both inter-symbolic interference (ISI) due to filtering and crosstalk are 

generated at OXC, it is now presented a study on the combined impact of narrow filtering 

on the optical signal and on the crosstalk signal, where it is shown that the crosstalk 

induced penalties are higher than expected when the signal is narrowly filtered. The effect 

arises from the eye closure of the signal, which penalty adds super-linearly to the crosstalk 

penalty. The same effect has also been observed for small post-detection electrical 

bandwidths. 

 

5.2.1 Optical network equivalent system 
 

In an optical meshed network, an optical signal can cross several OXCs. In each 

OXC, the signal is filtered and, possibly, an amount of crosstalk is introduced. Considering 

that the signal and crosstalk signal have different origins, their path will be different and 

therefore they are filtered by different filters. Therefore, different optical filters with 

tuneable bandwidth will be used for the signal and for the crosstalk signal. 

A single crosstalk signal will be considered, for a better understanding of the 

phenomenon, but the results should be extensible to a larger number of crosstalk 

interferers. 

The experimental setup is depicted in Fig. 5.11. An optical transmitter (Tx) 

produces a 10 Gb/s, 2
31

-1 PRBS signal that is split into the signal part and the crosstalk 

signal part. The signal and the crosstalk signal are each filtered by a different optical filter, 
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OBPF1 and OBPF2, respectively, so that the filter bandwidth can be independently 

selected. The crosstalk signal phase is decorrelated from the signal phase by travelling over 

4 km of standard single mode fibre (SSMF) and the delay between signal and crosstalk 

signal is controlled by a variable optical delay line (VODL) so that the bit transitions occur 

at the same time in both signal and crosstalk signal, when they are added later on an optical 

coupler. Some results about the impact of delay between signal and the crosstalk signal are 

given in Appendix H. The impact of dispersion of 4 km of SSMF on the crosstalk signal 

shape is negligible at 10 Gb/s. A polarization controller (PC) sets the crosstalk signal state 

of polarization to match that of the signal and an attenuator (Att.) controls the signal to 

crosstalk ratio (SXR). The crosstalk signal is then coupled to the signal and also to ASE 

noise. An attenuator after the ASE noise source sets the OSNR. A large bandwidth optical 

filter (OBPF3) filters the ASE noise before the impaired signal is fed to the square-law 

bandwidth limited photo-receiver. The electrical signal is then fed to the BER tester. 

The BER is measured with optimum decision threshold and sampling instant. The 

OSNR penalty is given by the difference of the OSNR required to achieve a BER of 10
-4

 

(FEC threshold) between the signal with and without crosstalk, for the same filter 

conditions. 
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ASE 

source

BERT

VODL

Att. 

SXR

Att. 

OSNR

SSMF 

4km Crosstalk pathOBPF2

OBPF1 OBPF3 PD

 
Fig. 5.11 Experimental and simulation setup. 

 

The simulation setup is identical to the experimental setup, where the random phase 

fluctuations between the signal and crosstalk signal due the different paths are simulated 

by a random phase walk between both signals. The ASE noise is accounted for analytically 

according to the semi-analytical simulation description in sub-section 5.1.2, simulating 

1000 times a 2
10

-1 de Bruijn sequence padded with a zero at the end. The bandwidth-

limited photodiode electrical frequency response is modelled as a third order Bessel low 

pass filter with bandwidth of 10 GHz at -3 dB. The optical filter is modelled as super 



             Optical Processing Devices and Techniques for Next Generation Optical Networks 

 

 185 

Gaussian band pass filter with the best order and bandwidth that match the experimental 

characteristics. The MCB method is employed, as explained in the previous section. 

 

5.2.2 Results 
 

The dependence of the crosstalk-induced OSNR penalty has been studied as a 

function of the optical filter bandwidth in the signal path. The results are presented in Fig. 

5.12, for 20 dB of SXR. The experimental optical filter is simulated as a super-Gaussian 

optical filter with order 1.5, which best fits the amplitude response of the experimental 

filter. The agreement between the experimental, simulation and MCB results is within 0.2 

dB. The OSNR penalty is constant (and equal to 0.9 dB) for bandwidths above 15 GHz, 

which is the classical crosstalk-induced OSNR penalty. However, for bandwidths below 15 

GHz, a steep rise in the OSNR penalty is observed due to ISI. To support this, Fig. 5.12 

also shows the experimental eye diagrams of the crosstalk-free signal. It is noticeable that 

15 GHz is precisely the bandwidth of the optical filter that starts to cause eye closure due 

to ISI. 
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Fig. 5.12 Experimental, simulation and MCB results for the crosstalk induced OSNR penalty as a function of 

the bandwidth of the optical filter in the signal path. Insets: experimental eye diagrams of the crosstalk-free 

signal for optical bandwidths of 10, 15 and 20 GHz. The dashed lines are guides for the eyes. 

 

The explanation for the crosstalk induced penalty increase for narrow optical 

filtering lies on the shape of the filtered signal. When the optical filter is very narrow, it 

causes ISI on the signal. In these measurements, the impact of filtering on the signal is 

removed from the penalty since the crosstalk penalty is measured relatively to the ISI 

impaired signal. However, the ISI and crosstalk impairments do not add linearly. To 
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visualize the origin of this effect, consider two cases. In the first case, the signal is very 

slightly impaired by ISI. When crosstalk is added to the signal, the BER increases and the 

OSNR must be improved by a small amount to recover the previous BER value. On the 

second case, however, the signal is significantly impaired by ISI. When the same amount 

of crosstalk as before is added to the signal, the BER increases more than in the previous 

scenario because the signal is already significantly impaired. Hence, to recover pre-

crosstalk BER values, a larger OSNR improvement than before is required. In an extreme 

case, if the ISI or the crosstalk is too large, the eye diagram may close when the crosstalk is 

added, and a very high BER floor occurs. In such situation, the required is OSNR for the 

pre-crosstalk BER is infinite, and so is the OSNR penalty. As a conclusion, the impact of 

crosstalk on the signal performance depends on the shape of the signal without crosstalk. 

Therefore, it is not possible to calculate the OSNR penalty of a signal impaired by both 

crosstalk and ISI by just calculating the OSNR penalties for a signal impaired by ISI only 

and for a signal impaired by crosstalk only and then add them together. Instead, their effect 

must be accounted for simultaneously. 

The effect of the optical filter bandwidth in the crosstalk signal path was also 

investigated. It has been observed that the bandwidth of that optical filter does not 

influence significantly the crosstalk penalty. The crosstalk has most impact when a “1” 

occurs in the crosstalk signal. Since optical filtering in the crosstalk signal path does not 

change the stationary “1” level, but mainly the bit transitions, the crosstalk induced penalty 

is also maintained, as in the case of the effect of dispersion on the crosstalk signal, which 

does not increase the crosstalk penalty. This result agrees with previous investigations of 

filtered crosstalk signals, which concluded that, when the crosstalk signal is filtered, its 

penalty is uniquely determined by the SXR [38]. 

The effect of the detuning of the optical filter in the signal path has also been 

studied. The results are presented in Fig. 5.13, for an optical filter bandwidth of 15 GHz 

(super-Gaussian shape with order 1.5). The results show that the OSNR penalty increases 

as the detuning of the filter increases. As the detuning increases, ISI and some eye closure 

is introduced, and as in the case of narrow filtering this causes a larger crosstalk penalty. 

The insets of Fig. 5.13, which show the crosstalk unimpaired eye diagrams, again support 

this conclusion. The eye diagram where the crosstalk penalty is higher is slightly closed in 

the “1” level due to the filter detuning. The agreement between experimental, simulation 
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and MCB results is within 0.1 dB, except for a detuning of 6 GHz, where the discrepancy 

is 0.3 dB. From 0 to 6 GHz of detuning, the crosstalk-induced OSNR penalty shows, 

respectively, an increase from about 1 dB to 1.5 dB in the case of the experimental results 

and from 1 to 1.8 dB for the simulation and MCB results. The optical filter characteristic in 

the simulation is not so well matched to the experimental shape at the cut-off frequency, 

and therefore, for a detuning of 6 GHz, the simulated ISI impaired eye diagram is not so 

well characterized relatively to the experiment. As a consequence, the calculated and 

experimentally measured OSNR penalties are slightly different for 6 GHz of detuning. 
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Fig. 5.13 Experimental, simulation and MCB results for the crosstalk induced OSNR penalty as a function of 

the detuning of the optical filter in the signal path. Insets: experimental eye diagrams of the crosstalk-free 

signal for a filter detuning of 0.5 and 7 GHz. The dashed lines are guides for the eyes. 

 

The impact of the ISI caused by the electrical filter on the crosstalk induced 

penalties has also been investigated. The electrical filters used in an optical network are 

well known and fixed, unlike the equivalent optical filter, which is dependent on the signal 

path. Still, the same effect of penalty increase has been observed for narrow electrical 

bandwidths. The simulation and MCB results are shown in Fig. 5.14, for a third order 

Bessel electrical filter. The optical filter has second order super Gaussian shape and 30 

GHz bandwidth. Once again, the agreement between the simulation and MCB is very 

good. As in the case of narrow optical filtering, the crosstalk induced penalty increases for 

small filter bandwidths. The penalty increase happens when the electrical filter starts to 

close the eye diagram at the sampling instant, which for this filter is at around 6 GHz. For 
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other filter shapes, the same conclusions hold, but the penalty increase and the bandwidth 

at which penalty the increases are different. 

In the results of this section the MCB BER estimate was, in average, 240 times 

faster to compute than the simulation.  
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Fig. 5.14 Simulation and MCB OSNR penalty results due to crosstalk as a function of the electrical 

bandwidth of the electrical receiver. Insets: simulated eye diagrams of the crosstalk-free signal for a filter 

bandwidths of 4, 6 and 8 GHz. The dashed line is a guide for the eyes. 

 

 

5.2.3  Network impact 
 

The previous section has shown that higher crosstalk induced OSNR penalties arise 

when the signal is itself already ISI impaired. This section will provide the results of 

crosstalk penalty in a network scenario with cascaded OXC, where each OXC filters the 

signal. 

The signal in the network crosses several OXC, which are modelled as a cascade of 

two second order super-Gaussian optical filters with 25 GHz of bandwidth at -3 dB tuned 

to the signal frequency. Transmission effects between OXC are not considered. After 

crossing a number of OXC, the signal is finally filtered by a second order super Gaussian 

optical filter of 40 GHz bandwidth, before being fed to the photo-receiver and a 7GHz 

bandwidth third order Bessel shaped electrical filter. The signal is affected by one crosstalk 

interferer with SXR = 20 dB. Both simulation and MCB results are shown in Fig. 5.15. 
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The OSNR penalties are measured relatively to zero OXC, i.e., only the receiver filter is 

considered in the signal path. The penalty due to filtering increases steadily and becomes 1 

and 2 dB after 15 and 26 OXCs, respectively. The expected crosstalk penalty, i.e. 

considering an ISI unimpaired signal, is constant at about 0.7 dB. However, according to 

simulation results, the crosstalk penalty increases for more OXCs due to the ISI, as 

explained before. It reaches 1 and 1.5 dB at 15 and 27 OXCs, respectively. Both the 

expected and simulated total penalties are also shown in Fig. 5.15. Whereas the expected 

total penalty does not account for the increase of the crosstalk penalty due to the filtering 

ISI, the simulated total penalty accounts for this effect and therefore increases more 

steeply. For a total penalty of 1.5 and 2 dB the expected maximum number of cascaded 

OXC by simulation are 13 and 18, while considering the increased crosstalk penalty due to 

signal ISI the maximum number of OXC are 10 and 15. The MCB prediction is within ±1 

OXC relatively to the simulation. Considering the results, the increase of the crosstalk 

penalty when the signal is impaired by optical filtering can have a significant impact on the 

network performance and should be considered when planning a network. 
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Fig. 5.15 Accurate (calculated) and expected crosstalk and total (crosstalk and filtering) OSNR penalties as a 

function of the number of OXC in the network, for one crosstalk channel with 20 dB of SXR. The calculated 

(expected) total penalty is the sum of the filtering penalty and the calculated (expected) crosstalk penalty. 

The squares and triangles stand for simulation and MCB results, respectively. The lines connecting the data 

points are guides for the eyes. 
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5.3 Crosstalk in time slot interchanger 

 

Crosstalk also arises in optical processing sub-systems with space switch fabrics. In 

the previous chapter, in section 4.3, a time slot interchanger (TSI) was presented, based on 

wavelength conversion on the MZI-SOA. The role of the TSI is to delay a packet by a 

selectable amount of delay. The TSIs can either be built with wavelength converters that 

select the amount of delay according to the output wavelength, as done in chapter 4, or by 

fast space switches that select the delay according to the switch output. In this section, a 

TSI is investigated that exploits the MZI-SOA operation as a switch, which requires fewer 

components, such as lasers and multiplexer and demultiplexer filters. The downside is that 

crosstalk is introduced between inputs and therefore the performance is hampered. 

Moreover, due to the amplifying nature of the SOA, ASE noise is also added to the signal, 

resulting in a lower OSNR at the switch output. The method to calculate the performance 

of signals impaired by crosstalk and ASE presented in the beginning of this chapter is then 

perfectly suited to assess the performance of the switch-based TSI. 

The interest in the MZI-SOA for a space switched TSI lies on the capability of 

steering the signal at the input port to any of the two output ports. The output port is 

chosen according to the presence or absence of the control signal. The output ports of the 

MZI-SOA are commonly called switched and unswitched ports depending whether the 

control signal was applied or not. However, the MZI-SOA will not completely transmit the 

power from the input to a single output port. The MZI-SOA switches the input signal 

between outputs depending on the phase shift caused by the control signal on the probe 

signal that is induced through cross phase modulation (XPM) in the SOA. Since the XPM 

in SOAs is accompanied by cross gain modulation (XGM), the switch becomes unbalanced 

because one SOA will have lower gain than the other. Consequently, there will be some 

power leaking at the blocked output port, which will cause crosstalk. The contrast ratio of 

the switch outputs is defined as the ratio of the power levels between the ‘on’ and ‘off’ 

state for each port. This is the quantity of interest to simulate the MZI-SOA operation since 

it determines the amount of crosstalk produced in the MZI-SOA. 

Since the focus now is on the crosstalk and ASE that the MZI-SOA switches 

introduce, and not on the time evolution of the signal like in the previous chapter, the MZI-
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SOA will be analytically modelled. To fully describe the MZI-SOA operation, the model 

must take into account the contrast ratios of the MZI-SOA switch outputs and the ASE 

accumulation over the MZI-SOA. 

With identical SOAs in each arm of the MZI-SOA and 50:50 couplers, optimum 

operation is obtained with unequally current bias in each SOA to compensate for the 

switch unbalancing due to XGM. In these conditions, the same contrast ratio X is achieved 

for both switched and unswitched states and is given by [5]: 

( )απ 4coth2=X  (5.34) 

where α denotes the SOA alpha-factor, which is basically the ratio of gain and phase 

modulation in the SOAs. The contrast ratio determines the amount of crosstalk that each 

switch introduces in the switched off output. It is important that the contrast ratios of both 

outputs and switch states are identical. If not, improving the contrast ratio of one output 

port would impair the contrast ratio of the other output. The overall performance would be 

limited by the worst output, and therefore the performance would be worse than in the case 

that both outputs have the same contrast ratio. 

The contrast ratio of the MZI-SOA for equal contrast ratio in both states and output 

ports is plotted as a function of the alpha factor in Fig. 5.16. For an alpha factor of 5, the 

contrast ratio is about 16 dB, which is quite low for typical space switch applications. In 

order to attain a contrast ratio of 20 dB, an alpha factor of 7.8 is required. Hence, for the 

typical alpha factor values, the contrast ratio is between 15 dB to 25 dB, which will be the 

range used hereafter. The SOAs used in chapter 3 was modelled with an alpha factor from 

carrier depletion of 3.5, which corresponds to a contrast ratio of about 14 dB, which is 

rather low for switching applications. 

The second aspect of the MZI-SOA that is modelled is the introduction of the ASE 

noise from the SOAs. The method typically used for EDFA cascading is employed for the 

SOAs in a straightforward way. Each SOA amplifies the incoming ASE from previous 

stages and adds the ASE power spectral density SASE, that can be calculated from the SOAs 

gain G and spontaneous-emission factor nsp [39]: 

( 1)ASE spS G n hν= −  (5.35) 

where h is the Planck constant and υ is the frequency of the optical field. It is assumed that 

the gain of the SOAs in the MZI-SOA matches the losses between MZI-SOAs in the TSI. 

It is also assumed that the Mach-Zehnder structure of the MZI-SOA does not affect the 
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ASE noise properties of generated by previous SOAs, although the power of incoming 

noise is amplified by the SOAs. 
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Fig. 5.16 Contrast ratio of the MZI-SOA switch as a function of the SOA alpha factor, for asymmetrical SOA 

bias given by [5]. 

 

The space switch based TSI is depicted in Fig. 5.17 with two stages. This 

configuration will be called the standard configuration. Each TSI stage comprises a MZI-

SOA space switch with an ODL at one of its outputs, and no ODL at the other output. The 

MZI-SOA switch at the k
th

 stage selects if the packet is delayed, or not, by an amount 

Tp×(2
k
-1), where Tp is the packet duration. At the end, a coupler combines the two outputs 

of the last stage MZI-SOA switch. Hence, the n stages TSI is capable of producing a delay 

between 0 and Tp×(2
n
-1), with granularity Tp. In the example of Fig. 5.17, the first packet is 

delayed by Tp, while the second packet is delayed by 2Tp. 
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Fig. 5.17 Standard time slot interchanger with two stages. 
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The less then ideal contrast ratio of the MZI-SOA will produce delayed or early 

replicas of the signal, which will interfere with other packets incoming to the TSI. This 

situation is depicted in Fig. 5.18. For simplicity, only one packet is assumed to arrive at the 

TSI, and it is chosen that the packet is not delayed. Due to non ideal contrast ratio (an 

exaggeratedly low value of 3 dB was used in Fig. 5.18), an unwanted packet replica is 

produced at the first MZI-SOA and is delayed by Tp. The packet and its replica are 

propagated to the next MZI-SOA, which, in turn, produces another unwanted packet 

replica, and one additional spurious replica of the packet replica. Thus, the two stages TSI 

produces three undesired packet replicas at different delays. This reasoning has allowed 

determining not only the delay of the replicas, but, more importantly, the power of the 

replicas. The power of the replicas that are produced directly from the signal is the power 

of the signal divided by the contrast ratio. The power of replicas of replicas is the signal 

power divided by the square of the contrast ratio, and so on for replicas of replicas of 

replicas. Although it was assumed that the packet had no delay in each TSI stage, the same 

conclusions hold for other delays. Also, in this situation, only one packet was assumed to 

be fed to the TSI. However, the worst case is when all slots contain packets, and each 

packet will receive replicas from all neighbouring packets, within the delay range of the 

TSI. For TSIs with more stages, the same reasoning can be applied, resulting that more 

crosstalk interfering packets are added to the main signal. Table 5-1 presents the crosstalk 

replicas that arise at the output of the TSI, for one up to four stages. The order of the 

replicas is denoted by the exponent of the contrast ratio X. When the replicas are directly 

obtained from the signal they are said to be first order, and their power is the signal power 

divided by the contrast ratio with exponent 1. When the replicas are originated from other 

replicas they are second order and the exponent is 2, and so forth for higher order replicas 

and crosstalk. The data of Table 5-1 is an input of the model to calculate the crosstalk 

induced power penalty. 
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Fig. 5.18 Schematics of crosstalk accumulation in the standard TSI. The greyed out packets are crosstalk. 
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Table 5-1 Number of crosstalk terms at the TSI output, as a function of the number of TSI stages and of the 

contrast ratio order. 

Standard TSI  Improved TSI 

X X
2
 X

3
 X

4
 Stages X X

2
 X

3
 X

4
 

1    1  1   

2 1   2  3   

3 3 1  3  6  1 

4 6 4 1 4  10  5 

 

It will be assumed that the crosstalk between packets is in-band, since one TSI will 

typically serve the same wavelength at a network node input. Also, it will be assumed that 

the optical phases of the signal and crosstalk signals are decorrelated, since packets are 

arrive from different origins and are produced from different optical sources. 

In the forthcoming results, the extinction ratio of the incoming signals is 15 dB, the 

SOA gain is 26 dB and the spontaneous-emission factor is 1, which is the theoretical 

minimum. The interstage losses are exactly compensated by the MZI-SOA chip gain. For 

now, the impact of the ASE is reduced to keep the focus on the crosstalk, but, at a later 

stage, the impact of nsp on the performance will also be investigated. The MCB BER 

calculation method will be used to evaluate the performance of the MZI-SOA based TSI in 

the switch configuration in terms of power penalties, to include also the effect of the 

accumulating ASE. The power penalty is determined by the required power at the receiver 

input to attain a BER of 10
-10

 of the signal under analysis subtracted by the same quantity 

but calculated for the input signal. This definition is the same as in the analysis of the 

wavelength converter based TSI so that both results can be compared. 

Fig. 5.19 plots the power penalty of the TSI as a function of the contrast ratio, for 

one, two and three stages. The one stage TSI has 2.6 dB and 1.5 dB power penalties, 

respectively, for a contrast ratio of 16 dB and 20 dB, corresponding to alpha factors of 5 

and 7.8, respectively. The reasonable performance is because only one crosstalk interferer 

is present, and ASE noise is only added from one pair of SOAs. However, the two stages 

TSI shows a BER floor above 10
-10

 and therefore an infinite power penalty is obtained for 

a contrast ratio below about 17 dB. Obviously, the performance of the three stages TSI is 

even worse, with BER floor at about 21 dB of contrast ratio. Clearly, the crosstalk is too 

large in these situations and consequently this TSI architecture is not useful.  

The standard TSI configuration shown in Fig. 5.17 can be improved for better 

scalability by replacing the coupler at the TSI output by an additional MZI-SOA switch, as 
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depicted in Fig. 5.20. The additional MZI-SOA selects the correct output of the previous 

MZI-SOA to be transmitted to the TSI output, while the other MZI-SOA output is 

discarded. Hence, the crosstalk exiting from the unwanted port of the last-but-one switch is 

avoided and thus the performance is enhanced, as shown in Fig. 5.21. 
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Fig. 5.19 Power penalty introduced by the standard TSI, as a function of the contrast ratio of the individual 

MZI-SOA switch. The lines are guides for the eyes. 
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Fig. 5.20 Improved time slot interchanger with two stages. 
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Fig. 5.21 Schematics of crosstalk accumulation in the improved TSI. The greyed out packets are crosstalk. 
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The results for the improved TSI are presented in Fig. 5.22. The first impression is 

that the power penalties are much smaller than in the case of the standard TSI. For a 

contrast ratio of 15 dB and one TSI stage, the penalty is now 0.93 dB, whereas it is 3.1 dB 

for the standard TSI. The three stages improved TSI does not show an error floor, which is 

a great improvement compared to the standard TSI. Only the four stages TSI shows an 

error floor at about 15 dB of contrast ratio, and a penalty of 2.5 dB for a contrast ratio of 20 

dB. It is also noticeable that the performance is not as strongly dependent on the contrast 

ratio, and hence on the alpha factor, as in the standard TSI, which leaves more tolerance on 

the alpha-factor when fabricating these devices. In fact, for increasing contrast ratios, the 

power penalty becomes almost constant, due to the lower crosstalk impact. Since in the 

improved TSI only crosstalk terms on the second order of the contrast ratio appear, the 

crosstalk effect is quite low. For example, a contrast ratio of 15 and 25 dB will cause 

crosstalk terms at an SXR of 30 and 50 dB, respectively. When the SXR is 50 dB, the 

crosstalk typically has negligible effects on the performance. In the region where the power 

penalty is constant on the contrast ratio, the predominant effect limiting the performance is 

the ASE noise. 
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Fig. 5.22 Power penalty introduced by the improved TSI, as a function of the contrast ratio of the individual 

switch. The lines are guides for the eyes. 

 

Since it was observed that the ASE noise was the main limiting factor, the 

spontaneous-emission factor nsp was varied from zero, which corresponds to no ASE 

generation, up to three, corresponding to an approximate amplifier noise figure of 7.8 dB. 
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The results are plotted in Fig. 5.23, considering a two stages improved TSI. For no ASE 

generation (nsp = 0), only the crosstalk effect is considered. The results show that, in this 

situation, the penalty is very low, which corroborates the effective crosstalk mitigation of 

the improved TSI architecture. As the spontaneous emission factor increases, the penalty 

also increases and reaches 2.8 dB for a contrast ratio of 20 dB and a spontaneous emission 

factor of 3. It is not uncommon that SOAs optimised for non-linear processing have such 

high spontaneous emission factors and thus the performance of the improved TSI can be 

limited by ASE noise accumulation. 
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Fig. 5.23 Power penalty introduced by the two stages improved TSI for various spontaneous-emission factors 

nsp. The lines are guides for the eyes. 

 

In general, in the improved TSI configuration, the crosstalk is successfully 

mitigated by the additional MZI-SOA at the TSI output and although more ASE is added 

to the signal, the overall performance is improved, comparing to the standard TSI. 

Therefore, it is highly recommendable that the improved configuration of Fig. 5.20 is used 

instead the standard configuration of Fig. 5.17. 

These results of the improved TSI can be compared with the results of the 

wavelength conversion based TSI of section 4.4 in chapter 4. The power penalty of the 

three stages wavelength converter based TSI was 1.35 dB, whereas for the improved TSI it 

is 1.77 dB, for a contrast ratio of 25 dB. Although the penalties do not differ much, it 

should be emphasized that the wavelength converter based TSI has more delay possibilities 

per TSI stage and therefore it is advantageous relatively to the switch based TSI. 
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Additionally, for the same number of TSI stages, the space switch based TSI requires one 

more MZI-SOA device than the wavelength converter based TSI. 

 

 

5.4 Effect of fibre transmission effects in crosstalk penalties 

 

It has already been mentioned that, although OXCs provide a flexible, simple and 

transparent way of routing the traffic in the optical domain, optical impairments such as 

amplified spontaneous emission (ASE) noise and crosstalk accumulate over the network. 

Additionally, group velocity dispersion (GVD), and self phase modulation (SPM), are also 

accumulated [40], especially when there is no regeneration. As it was already seen in 

section 5.2, when crosstalk affects signals that are already distorted, in that case by narrow 

filtering, penalties larger than expected may occur. Therefore, appropriate network 

planning is required to assess the number of cascaded OXC before a prescribed penalty is 

obtained. 

In an optical network with long transmission links, the signals that cause crosstalk 

are also impaired by transmission effects such as dispersion and nonlinear propagation. 

Since the crosstalk signal is eventually distorted during transmission, a crosstalk induced 

penalty different to that given in extant methods may arise. 

In this section, it is shown both experimentally and by simulation that the crosstalk 

penalty resulting from signals impaired by SPM and GVD is larger in some cases than the 

crosstalk induced penalty assuming an undistorted crosstalk signal, i.e. without distortion 

from SPM/GVD. Furthermore, the crosstalk induced penalty depends on the accumulated 

dispersion of the considered dispersion map of the impaired crosstalk signal. Finally, some 

considerations are made regarding the operating parameters of the network, taking the 

correct crosstalk penalty into account. 

In this section, the MCB method is not used to evaluate the network performance 

since it does not properly model the effect of distorted crosstalk signals, as mentioned in 

the derivation of the method, in section 5.1.1. 
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5.4.1 Experimental and simulation setups 
 

The experimental setup is depicted in Fig. 5.24 and consists of a 2
12

-1 PRBS, 10 

Gb/s optical intensity modulated non-return to zero (NRZ) transmitter (Tx) which output is 

split into the signal and the crosstalk signal. The signal is directly connected to an optical 

combiner and does not suffer any transmission. The crosstalk signal passes through a 

nonlinear transmission link, which consists of three 80 km spans of standard single mode 

fibre (SSMF), where the first two spans are fully dispersion compensated by dispersion 

compensation modules (DCM), and the third span is optionally under or over compensated. 

No pre-compensation has been used, according to the usually called fully inline and 

optimised post-compensation scheme (FOCS) dispersion map [41]. This dispersion map 

allows the compensation of some self phase modulation through dispersion in the pseudo-

linear transmission regime, and therefore larger transmission distances are achieved. An 

erbium doped fibre amplifier (EDFA) boosts the crosstalk signal power before each 

transmission fibre span. A three span transmission link has been used, but the results are 

extensible in a straightforward way to more realistic transmission links, with a larger 

number of spans (Nspans) and less fibre input power (Pfibre), as long as Pfibre×Nspans remains 

constant [41]. After the transmission link, a polarization controller (PC) ensures that both 

the signal and crosstalk signal have the same polarization state when they are added 

together in the optical combiner, which is a worst case of signal performance. Due to 

changes in environmental conditions, the relative signal to crosstalk delay changes 

randomly, and their bit alignment wanders, as in a realistic network situation. When, for 

comparison purposes, negligible impact from SPM on the crosstalk signal is desired, the 

nonlinear transmission link may be replaced by a linear transmission link consisting of a 

single SSMF span with full dispersion compensation and a low optical power is used at the 

fibre input. A one span link is used instead of a few meters of fibre to have drifts in the 

phase and delay of the crosstalk signal, similar to the three spans link case. An attenuator 

on the crosstalk path is used to adjust the signal to crosstalk ratio (SXR). ASE noise is 

added to the crosstalk impaired signal, before being fed to an optically filtered receiver. 

The BER is then measured with optimum decision threshold as a function of the optical 

signal to noise ratio (OSNR). The OSNR penalty is given by the difference of the OSNR 

required to achieve a BER of 10
-9

 between the signal with and without crosstalk. 
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Fig. 5.24 Experimental and simulation setup layout. 

 

The simulation setup is similar to the experimental setup. To simulate the drift of 

the delay and phase of the crosstalk signal, uniformly distributed random delay and phase 

[32] between the crosstalk and the signal are introduced. The BER results are obtained 

from 1000 simulation runs of a signal produced from a 2
10

 de Bruijn sequence, each having 

different crosstalk phase and delay, and by analytically accounting for the ASE noise [16], 

as before. The optical filter and the electrical post-detection filter are modelled as second 

order super-Gaussian filter with -3 dB bandwidth of 50 GHz and third order Bessel filter 

with -3 dB cut-off frequency of 10 GHz, respectively, which match well the characteristics 

of the experimental equipment. 

The OSNR penalty assuming a crosstalk signal impaired by SPM and GVD has 

been both calculated by simulation and measured experimentally, for different 

accumulated dispersion values as a function of the SXR. 

 

5.4.2 Results 
 

The results are presented in Fig. 5.25, for 11 dBm of fibre input power. The OSNR 

penalty assuming an undistorted crosstalk signal is also presented for comparison purposes. 

Three accumulated dispersion values have been used for the SPM impaired crosstalk 

signal: 850 ps/nm, which is close to the optimum accumulated dispersion for achieving the 

best eye opening [41]; -170 and 1700 ps/nm which are, respectively, extreme under and 

over compensation values for a signal strongly affected by SPM. It can be seen that both 

the simulation and the experimental results exhibit the same trend. Comparing the OSNR 

penalty obtained for the crosstalk signal impaired by SPM and GVD to the case of 

undistorted crosstalk, shows that the accumulated dispersion values of 850 and 1700 ps/nm 

yield a higher OSNR penalty, whereas -170 ps/nm yields a lower OSNR penalty. 

Considering 20 dB of SXR, the penalty for the SPM impaired crosstalk signal with 

accumulated dispersion 1700 ps/nm is 0.5 dB higher than the penalty of 1.75 dB for the 
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undistorted crosstalk. On the other hand, for -170 ps/nm, the penalty is 0.1 lower than that 

for the unimpaired crosstalk. 

These differences in the OSNR penalties can be explained by the eye patterns in 

Fig. 5.26, which plots both the simulated and experimental eye diagrams of the crosstalk 

signal, for different accumulated dispersions of the crosstalk signal, and the simulated eye 

patterns of the signal impaired by crosstalk. The simulated eye patterns were obtained with 

no ASE noise, for a better visualization of the effect of the distortion due to SPM. When 

the crosstalk signal is impaired by SPM and GVD for 850 and 1700 ps/nm of accumulated 

dispersion, it contains strong overshoots which cause significant eye closure of the 

crosstalk impaired signal. On the other hand, due to the different phase to intensity 

conversion at the tuneable DCM, for -170 ps/nm, the crosstalk signal does not have 

overshoots and the obtained eye opening and crosstalk induced OSNR penalty are 

comparable to the case of the undistorted crosstalk signal. 
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Fig. 5.25 Simulation (open symbols) and experimental (full symbols) results of the OSNR penalty versus the 

SXR, for a crosstalk signal without SPM, and with SPM, for accumulated dispersions of -170, 850 and 1700 

ps/nm. The lines connecting the data points are guides for the eyes. 

 

The results of the crosstalk induced OSNR penalty as a function of the delay 

between the signal and crosstalk signal are presented in Fig. 5.27. Comparing the crosstalk 

signal eye diagrams of Fig. 5.26 and the results of Fig. 5.27, it has been verified that the 

worst case of delay between signal and crosstalk signal is when the overshoots in the 
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crosstalk signal occur at the point of largest aperture of the signal eye diagram. A similar 

effect happens when there is crosstalk from an RZ formatted signal to an NRZ signal. 

Although it is less likely for an optical network to have NRZ and RZ signal in the same 

nodes, this case has also been investigated and some results are shown in Appendix G. The 

crosstalk impaired eye diagrams in Fig. 5.26 are worst cases and the delays are 0 ps for a) 

and c), and 50 ps for b) and d).  
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Fig. 5.26 Experimental (top row) and simulated (middle row) eye diagrams at a) the transmitter output, and at 

the transmission link output for accumulated dispersions of b) -170, c) 850 and d) 1700 ps/nm. The bottom 

row shows the eye diagrams of one simulation run of the signal impaired by the crosstalk signals of the rows 

above, for SXR=20 dB.  

 

The crosstalk induced OSNR penalty results as a function of the accumulated 

dispersion of the crosstalk signal are shown in Fig. 5.28. Both linear and nonlinear 

transmission were considered, as well as two different optical filter bandwidths, 50 and 30 

GHz, to investigate the effect of optical filtering. The insets of Fig. 5.28 show the optical 

spectra of the crosstalk signal without and with SPM at the output of the last SSMF. 
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Identical optical spectra are obtained at the output of the tuneable DCM independently of 

the accumulated dispersion since only linear transmission is considered along the tuneable 

DCM. The results show that, for linear transmission, the OSNR penalty is almost constant 

in the studied range of accumulated dispersion, which covers the acceptable region for a 10 

Gb/s signal. GVD does not produce significant overshoots in the crosstalk signal and 

therefore the penalty does not increase. Additionally, for linear transmission the effect of 

the optical filter bandwidth is negligible. 
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Fig. 5.27 OSNR penalty as a function of the bit delay between signal and crosstalk signal. The crosstalk 

signal had a fibre launch power of 11 dBm, and the accumulated dispersion values are -170, 850 and 1700 

ps/nm. 

 

Regarding the nonlinear transmission results, especially for 14 dBm, the 30 GHz 

results show a slightly lower penalty, when comparing to 50 GHz, since the SPM-

broadened crosstalk signal optical spectrum is partially filtered, but the crosstalk signal still 

retains the overshoots seen in Fig. 5.26. For 14 dBm, the OSNR penalty is constant for 

negative accumulated dispersion and strongly increases for positive dispersion values. For 

7 dBm, the OSNR penalty curve has a less pronounced increase comparing to the 14 dBm 

case. For both the considered input powers in nonlinear transmission the penalty is 

constant for negative accumulated dispersion and increases for positive accumulated 

dispersion. 

Further results, presented in Fig. 5.29, have shown that, for post-detection electrical 

bandwidths down to 6 GHz (for which there is already signal eye closure due to filtering), 
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the same qualitative conclusions hold, but the increase in the crosstalk induced penalty due 

to SPM is less significant due to filtering of the crosstalk signal overshoots. 
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Fig. 5.28 Simulated crosstalk induced OSNR penalty as a function of the accumulated dispersion of the 

crosstalk signal (SXR=20dB), for linear (no SPM) and non-linear transmission (7 and 14 dBm input power), 

and for an optical filter bandwidth of 30 (dashed line) and 50 GHz (solid line). Insets: crosstalk signal optical 

spectra without and with SPM (14 dBm). The optical spectra resolution is 0.01 nm. 
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Fig. 5.29 Simulated crosstalk induced OSNR penalty as a function of the accumulated dispersion of the 

crosstalk signal (SXR=20dB), for linear (dotted line) and non-linear transmission (7 and 14 dBm input 

power, grey and black line, respectively), and for an electrical filter bandwidth of 6 (crosses), 7 (circles), and 

10 GHz (squares). The lines connecting the data points are guides for the eyes. 
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Finally, Fig. 5.30 presents the crosstalk induced OSNR penalty as a function of the 

fibre input power and the accumulated dispersion of the crosstalk signal. Fig. 5.30 also 

presents the eye opening penalty (EOP) of the crosstalk signal at the transmission link 

output, using as reference the optical transmitter output. The eye opening is defined as the 

ratio between the minimum level of the ‘ones’ and the maximum level of the ‘zeros’, 

considering a 20% bit width rectangle [41]. This definition is different than the previously 

defined ECP for phase modulated signals used in chapter 4. An EOP less than 1 dB is 

acceptable [41]. The results show that if an optimum accumulated dispersion is adopted for 

the crosstalk signal, i.e. where the EOP is minimum, the crosstalk induced OSNR penalty 

is higher than in the case of undistorted crosstalk. As an example, for 11 dBm, the 

optimum accumulated dispersion for the crosstalk signal is about 800 ps/nm. In this case, 

the crosstalk induced OSNR penalty is 2.0 dB instead of 1.75 dB, as expected for an 

undistorted crosstalk signal. Hence, for proper network planning, the correct crosstalk 

induced OSNR penalties should take into account the dispersion map and input powers of 

the crosstalk signal. It can also be seen from Fig. 5.30 that lower accumulated dispersion 

values should be used for the crosstalk signal whenever it is possible, to minimize the 

crosstalk induced penalty. 
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Fig. 5.30 Crosstalk signal eye opening penalty (bold line) and OSNR penalty of the signal due to crosstalk 

(thin line) for SXR = 20dB, as a function of the fibre input power and accumulated dispersion of the crosstalk 

signal. 
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5.5 Conclusions 

 

In this chapter, a method based on the MCB to calculate the impact of crosstalk in 

optical systems impaired by intersymbolic effects was presented. However, unlike the 

standard MCB method, for the first time, this method combines signal simulation to 

account for intersymbolic effects and the computation simplicity of the MCB to account 

for the crosstalk and ASE noise impact. 

With the standard MCB method, BER results in agreement with experimental 

values can be obtained for systems employing arbitrary optical and electrical filter shapes, 

with electrical bandwidths larger than 70% of the bit rate. The novel method enables to 

calculate the BER accurately for narrower electrical filter bandwidths, by calculating 

through simulation the eye closure caused by the reduced filter bandwidth. Considering 

both the experimental and simulation evidence, the novel BER calculation method is both 

computationally simple, efficient and accurate, and is believed to be a useful tool for 

designing WDM optical networks impaired both by crosstalk and ASE, employing 

arbitrary optical and electrical filter shapes. 

The MCB method was then employed to calculate the combined impact of crosstalk 

and narrow and detuned optical filtering, and narrow electrical filtering. It has been shown 

that combined effect of crosstalk and optical filtering causes OSNR penalties that higher 

than the sum of the OSNR penalties of both effects taken separately. The penalty increase 

happens when the filtering causes signal eye closure. Although the electrical filter can be 

chosen to be wide enough to prevent this effect, the crosstalk penalty can significantly 

increase in networks with a large number of cascaded OXC. As a practical example, it has 

been shown that for a maximum acceptable total OSNR penalty of 2 dB the number of 

admissible cascaded OXC reduces from 18, considering separately the effect of filtering 

and crosstalk, to 15, considering both effects together, which corresponds to a decrease of 

17% in the number of OXCs. 

Then, a time slot interchanger (TSI) based on MZI-SOA space switches was 

evaluated in terms of crosstalk. It was shown that the standard TSI architecture is severely 

limited by crosstalk accumulation and therefore its scalability is not adequate for practical 

application. For a contrast ratio of the individual MZI-SOA space switch of 20 dB, the one 

stage standard TSI has a power penalty of 1.5 dB, whereas for two stages the penalty rises 
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unacceptably to 4.6 dB. Thus, an improved TSI architecture has been presented, which 

features an additional MZI-SOA space switch at the TSI output that rejects some of the 

crosstalk introduced in precedent MZI-SOA space switched. Although more ASE noise is 

introduced, the crosstalk is significantly mitigated, resulting in an overall improved 

performance. The power penalties introduced by the improved TSI are 0.75, 1.21, and 1.77 

dB for one, two and three stages, respectively, and a contrast ratio of 20 dB. 

Finally, the scenario where the crosstalk signal is impaired by chromatic dispersion 

and SPM was studied. Results have shown that the overshoots caused by SPM in the 

crosstalk signal can cause higher than expected crosstalk penalties. Moreover, the increase 

of the crosstalk penalty due to SPM is dependent on the dispersion map of the crosstalk 

signal and increases for positive accumulated dispersions. Therefore, if crosstalk is an issue 

in the network, in order to minimize the impact of crosstalk, the dispersion map of the 

network should be regarded as a whole, bearing in mind that the dispersion map of one 

signal can affect another signal performance through crosstalk. In fact, if the accumulated 

dispersion of the crosstalk signal affected by SPM and GVD is optimised to give the best 

eye opening, the crosstalk induced OSNR penalty of the signal is higher than in the case of 

an undistorted crosstalk.  

As a rule of thumb, lower accumulated dispersions in the crosstalk signal should be 

used to minimize the magnitude of the crosstalk induced penalties. 
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Chapter 6 Final conclusions 
 

6.1 Conclusions 

 

This section overviews the work presented in this Thesis and summarises its main 

conclusions. The motivation for the work was presented in chapter 1, which arises from the 

wish to avoid the electronic bottleneck affecting opaque optical network nodes. A possible 

vehicle for solving this problem is the MZI-SOA, a compact semiconductor device capable 

of performing many different optical processing functions. The work presented in this 

Thesis starts off by studying promising single components, analyses its sub-system 

applications, and goes up to a network level performance analysis of the physical impact 

and limitations of the device. 

First, in chapter 2, the state of the art of semiconductor optical processing devices 

was reviewed and a simulation model for such devices is presented, with a view to analyse 

the device performance in system applications in the most effective way.  

In chapter 3, an MZI-SOA sample was experimentally evaluated, and numerical 

parameters were extracted and fed to the simulation model. This has enabled a comparison 

of the simulation predictions with the experimental observations of the MZI-SOA 

operating as a wavelength and format converter. The MZI-SOA maximum rate of 

operation as a wavelength converter was found to be 40 Gb/s, and its performance was 

studied in different conditions. Operational rules were derived for ensuring optimum 

performance of the MZI-SOA. The NRZ, RZ, CS-RZ formatted pulses at 40 Gb/s were fed 

to the MZI-SOA and it was found experimentally and by simulation that the performance 

of the wavelength conversion improves for smaller duty cycles. The same study was also 

performed with other intensity modulation formats with phase management, ODB and 

AMI, and the same conclusions apply. The MZI-SOA showed good tolerance to the input 

signal extinction ratio variations. Regardless of the input modulation format, a pulsed beam 

at the input interferometric input always provides better performance than that obtained 

with a CW beam. Rules have been derived in order to guarantee that the MZI-SOA is 

operated in optimum conditions, paving the way to system applications. 
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Chapter 4 presents a study of the MZI-SOA as a building block of larger sub-

systems for time domain processing. First, a MZI-SOA based optical WDM to OTDM 

converter is proposed. Operating margins were obtained for the conversion of both two 40 

Gb/s channels to 80 Gb/s and three 40 Gb/s channels to 120 Gb/s. The limiting factor is 

found to be the pulse broadening occurring at the MZI-SOA, and the resulting crosstalk 

between adjacent pulses. Then, a packet compressor and decompressor architecture, 

suitable for phase modulated packets, was proposed, where the number of ODLs depends 

only on the compression ratio and not on the number of packet bits, as in an earlier 

proposed architecture. The packet compressor and decompressor operation was 

investigated through simulation with both BPSK and QPSK modulated packets, for a base 

bit rate of 10 Gb/s and compressed bit rates of both 20 Gb/s and 40 Gb/s, using quantum 

well MZI-SOA gates. The incurred penalty depends linearly on the logarithm of the packet 

size and it was found that only two compressor and decompressor pairs can be cascaded 

for a maximum ECP of 1 dB. A similar study was carried out with a quantum dot MZI-

SOA, for a base bit rate of 40 Gb/s, and a compressed bit rate of 160 Gb/s. The penalty 

dependence on the logarithm of the packet size is again linear, but four compressor and 

decompressor pairs can now be cascaded for an ECP below 1 dB. It was shown that the 

ODL structure has stringent requirements on both the delay and phase of each ODL, which 

depend on the bit rates and the modulation formats used. A three-stage time slot 

interchanger was experimentally demonstrated at 10 Gb/s. In each stage the incoming 

packet is wavelength converted in the MZI-SOA and then routed to an appropriate delay 

block according to the newly assigned wavelength. An average 1.6 dB power penalty per 

stage was measured. 

Chapter 5 presents a study of the impact of crosstalk in several different situations. 

A method to calculate the impact of crosstalk from distorted signals is developed, which 

makes use of both an analytical model based on the MGF formalism suited for ideal (non-

distorted) signals and a short simulation of the signal distortion. The method’s results were 

validated by comparison with experimental results, and both semi-analytical and Monte 

Carlo simulations. The scalability of a time slot interchanger architecture using MZI-SOA 

space switches was addressed with this method. The combined impact of filtering and 

crosstalk was also investigated. It was found that signals impaired by both filtering and 

crosstalk have crosstalk penalties higher than the signals that are simply impaired by 
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crosstalk. Consequently, for correct network planning, both effects should be analysed 

simultaneously. As an example, the maximum number of OXC was determined 

considering a single crosstalk channel with a SXR of 20 dB. For a maximum OSNR 

penalty of 2 dB, a maximum number of 18 cascaded OXC is predicted using traditional 

methods, whereas only 15 cascaded OXC are effectively acceptable using the more 

accurate method developed in this work. Finally, it was observed that the shape of the 

signals causing crosstalk also influences the crosstalk-induced penalty. When the signal 

causing crosstalk travels through a long fibre link, the signal can be affected by non-linear 

effects which can, in turn, cause strong power peaks in the signal. In this case, the 

crosstalk-induced penalty may get even larger, depending on the dispersion map. For a 

maximum EOP of 1 dB of the crosstalk signal resulting from non-linear effects, the 

crosstalk-induced penalty can increase from 1.75 dB to 2.2 dB, depending on the 

accumulated dispersion of the signal causing the crosstalk. 

 

6.2 Suggestions for future work 

 

The work presented in this Thesis leaves some unanswered questions, and raises 

additional ones. Some future research topics suggested by those still unanswered questions 

are now enumerated. 

• Experimental evaluation of MZI-QDSOA devices as optical processing 

gates for system applications. 

• A limitation of the MZI-SOA is its relatively smooth power transfer 

function, which could be offset by complementing it with a bistable device, such as the 

semiconductor ring lasers under development in the European IOLOS IST-FP6 project. 

• Apply the method for calculating the performance of distorted signals 

impaired by crosstalk to other impairments, such as dispersion, non-linear effects, and 

polarization mode dispersion, and derive new crosstalk operating margins for these 

conditions. 

• Modify the method for calculating the performance of distorted signals 

impaired by crosstalk, to model also phase modulated formats, e.g., DPSK, and 

investigate the impact of combined impairments, such as crosstalk and filtering, non-

linear effects, dispersion. 
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• Modify the method for calculating the performance of distorted signals 

impaired by crosstalk to include also distorted crosstalk signals. 

• Research other effects, other than non-linear effects, that cause peaks in the 

signal that may result in increased crosstalk penalties. 
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Appendix A. SOA amplifier equations 
 

In this appendix, tractable equations of amplification and phase modulation of a 

signal in the SOA are derived from the wave equation. The wave equation for the electrical 

field E
�

 is  

2
2 2

0 2
0

E
E k

t
ε

∂
∇ + =

∂

�

� �

, (A.1) 

where 1ε χ= + , χ is the susceptibility, and k0 is the wave number. The susceptibility χ 

contains the physical interaction of light and matter. In order to obtain an accurate SOA 

model, χ, which will be replaced by the SOA gain and respective phase modulation 

coupling later on, is modelled as being non-linearly dependent on the electrical field 

traversing the SOA in the past times. 

From the wave equation, the practical SOA amplification and phase modulation 

equations can be derived by separating variables in E
�

 according to 

ˆ( , , , ) ( , ) ( , )E x y z t A z t F x y k=
�

 (A.2) 

where z is chosen as the propagation direction of the optical wave envelope A(z,t), x and y 

are the perpendicular directions which give the wave spatial mode profile F(x,y), and k̂  

represents a generic polarization direction. 

Introducing the above description of E
�

 in the propagation equation gives two 

coupled differential equations, one for the mode profile, and another for the envelope 

propagation. Solving the mode profile equation gives the spatial distribution of the beam in 

the directions of x and y, while the envelope equation describes the evolution of the optical 

wave inside the SOA over the longitudinal direction z and over time. The equation is 

1 1

2
g

A A i
gA

z v t

α∂ ∂ −
+ =

∂ ∂
 (A.3) 

where g is the SOA local gain, α is the linewidth enhancement factor, which related the 

amplitude and phase modulation in the SOA, and vg is the group velocity in the SOA. 

Equation (A.3) can be simplified adopting a time reference frame moving with the 

pulse, through the following time variable transformation 

gvztt /'−=
 (A.4) 
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where t’ is the time (previously it was t). Moreover, by separating the amplitude and phase 

parts, 

φiePtzA =),(   (A.5) 

and substituting in Eq. (A.3) produces two equations, one for the pulse power and another 

one for the phase. This set of three equations describes the pulse propagation along the 

SOA:  

( , )
( , ) ( , )

P t z
g t z P t z

z

∂
=

∂  (A.6) 

g
z

α
φ

2

1
−=

∂

∂

 (A.7) 

Although it was not written explicitly, the SOA gain g depends on the power of the optical 

pulse travelling inside the SOA, P(t,z). The description of the dependence of the SOA gain 

on the input power is where the SOA gain saturation behaviour is contained, and hence 

where the optical processing capabilities are described. 

The latter equations can be made even more useful if they are integrated over space. 

The formal solution of the equation is 

( , ) ( ) ( ,0)P t z G t P t=  (A.8) 

where 

( , )( , ) h t zG t z e=  (A.9) 

Is the amplifier gain taken as the relation of the output and input powers when z=L, L 

being the amplifier length and 

0
( , ) ( , )

z

h t z g t z dz= ∫ . (A.10) 

For the phase, a similar equation is obtained, which states the phase rotation inside the 

SOA depending on the amplifier gain. 

( , ) ln[ ( )] ( ,0)
2

t L G t t
α

φ φ= − + . (A.11)
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Appendix B. Initial conditions of the SOA 
differential equations 

 

The SOA model used for simulating the operation of a quantum well SOA was 

exposed in Chapter 2, where a set of differential equations was presented in order to 

calculate the SOA gain. The equations are here reproduced: 

[ ] 01
( ) 1 ( )N N

in

s s s s

h h h
G t P t

t Pτ τ τ

∂
= − − − +

∂
 (B.1) 

[ ]( ) 1 ( )SHB SHB SHB CH N
in

SHB SHB

dh h dh dh
G t P t

dt dt dt

ε

τ τ
= − − − − −

 (B.2) 

[ ]( ) 1 ( )CH CH CH
in

H H

h h
G t P t

t

ε

τ τ

∂
= − − −

∂
 (B.3) 

( )( ) h tG t e=  (B.4) 

N CH SHB
h h h h= + +

. (B.5) 

In order to solve this set of differential equations, initial conditions must be given, 

which consists of three values, the same as the number of the differential equations. Since 

at the beginning of time, t0, the precise values of hN, hCH and hSHB are not known, it is 

assumed that these time functions are stationary at t0. So, setting the time derivatives of hN, 

hCH and hSHB of equations (B.1) – (B.3) to zero, results in a system of three non-differential 

equations. An equation for G(t0) is found by solving the three equations in order to hN, hCH 

and hSHB, and adding them: 

[ ]0 0 0 0( 1 ) ( ) 1 ( )CH SHB s in sh P G t P t hε ε τ= − + + − +  (B.3) 

Solving this nonlinear equation in order to h0=h(t0) allows to determine hN(t0), hCH(t0) and 

hSHB(t0) afterwards, opening the way to solve the set (B.1) – (B.3) for all time values. 

The solution of the set of differential equations describes the behaviour of the 

SOAs in the MZI-SOA and can be used to perform optical processing functions like 

wavelength conversion. Fig. B.1 shows an example of an oscilloscope trace after 40 Gb/s 

RZ wavelength conversion in the MZI-SOA. The first bits of the binary sequence are seven 

‘0’. It can be observed that the SOA output is not stationary at all, which violates the 

validity of the initial conditions assumption. The reason for this is that the SOAs are fed 
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with two optical beams, the CW probe and the pump signal. The SOA is sensitive to the 

input power, which has the fast oscillating beating terms of the probe and pump signals. 

The SOA gain responds to these oscillations and hence is not steady. The consequence of 

these oscillations is that at the first simulation time points the SOA gain is fluctuating due 

to a numerical issue and not from a physical cause. Therefore, the first simulation bits 

should be discarded when evaluating the performance of such signals. Furthermore, as 

shown in Fig. B.1 b), the last simulated bit is also affected by the spurious oscillations of 

the first bits. This is due to the optical filtering at the MZI-SOA output to eliminate all of 

the signals except the desired wavelength converted signal. On one hand, the fast Fourier 

transform is used to calculate the filter effect. This transform considers that the signal is an 

endless repetition of the time-limited simulation vector of the signal. On the other one 

hand, the use of non-causal filter transfer functions (e.g. Gaussian) leads to the non-

physical influence of future times on past times. Consequently, filtering the optical signal 

leads to the influence of the first simulated bits on the last ones. So, the last simulated bit 

should be also discarded when analysing the performance of a given signal. 

Facing these results, the first three and last bits are discarded when analysing 

performance and observing eye-diagrams. An eye-diagram is presented in Fig. B.2 to 

illustrate the removal of these bits. The signal represented in Fig. B.2 is the same of Fig. 

B.1. 
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Fig. B.1 Oscilloscope trace of the initial (a) and final (b) bits of 40 Gb/s wavelength conversion in the MZI-

SOA. 
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Fig. B.2 Eye diagrams of 40 Gb/s wavelength conversion in the MZI-SOA showing a) all the simulated bits 

and b) all simulated bits except the first three and the last simulated bits. 

 

The situation just exposed considered a continuous data stream where there is data 

throughout the time vector. However, for packet switched networks, there are idle times 

between packets without any data and, potentially, very low optical power. The simulation 

of optical processing functions should include these idle times between packets, but these 

could be exploited in the simulation to accommodate the transitory effects of the initial 

conditions so that they not impact the data. Nevertheless, it was observed that the transitory 

effects cause peaks at the initial time of the simulation. If the signal is analysed at this 

stage, there is no problem, since the transitory peak is at the idle time that precedes/follows 

the packet. Though, if the output signal of the MZI-SOA, containing the transitory peak, is 

fed to another MZI-SOA, the peak will be amplified. By further cascading the MZI-SOA 

gates, the transitory peak can get so large that it affects the average power of the simulated 

signal. To prevent this issue, the power of the first three and last simulated bits of the MZI-

SOA filtered output signal is set to zero. The oscilloscope traces and eye diagrams of a 

packet before and after this stratagem are shown in Fig. B.3. 
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Fig. B.3 Oscilloscope traces (top row) and eye diagrams (bottom row) of 10 Gb/s packet processing in the 

MZI-SOA. The left column shows the signal directly from the MZI-SOA output filter, whereas the right 

column shows the signal without the first three and last bits. 
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Appendix C. Transmitter details for different 
formats and bit rates 

 

This appendix presents the setups of the optical transmitters used to produce the 

different signals used in chapter 3. For bit rates up to 40 Gb/s, a multi-bit rate pattern 

generator is used at the desired signal bit rate which drives a Mach-Zehnder modulator 

(MZM) which, in turn, modulates a CW laser beam. Depending on the modulation format, 

other components may follow. Fig. C.1 depicts the different transmitter setups, which 

apply to both the simulation and experiment. All MZMs are operated in the push-pull 

mode. 

For the NRZ format, no additional components are needed, as shown in Fig. C.1 a). 

The MZM is polarized at mid-transmission point so that the AC-coupled electrical signal is 

translated into a pure intensity modulated signal. The RZ and CS-RZ transmitters make use 

of the NRZ transmitter setup, but a subsequent MZM is used to carve the NRZ signal, 

according to Fig. C.1 b). RZ with 50% duty cycle is achieved by driving the carver MZM 

by an electrical clock signal with frequency identical to the bit rate and by polarizing the 

carver MZM at mid transmission point. If the frequency of the electrical clock signal is 

half of the bit rate, RZ with 33% duty cycle or CS-RZ with 67% duty cycle format is 

obtained depending if the carver MZM is polarized in the maximum or minimum 

transmission point, respectively. Regarding the optical duobinary (ODB) and AMI-RZ 

formats, they are produced with a single MZM followed by an optical delay interferometer, 

as presented in Fig. C.1 c). However, unlike the NRZ case, the MZM is polarized at the 

minimum transmission point, so that the differentially pre-coded signal data is modulated 

in the phase. The purpose of the delay interferometer is then to interfere one bit with the 

following one to convert the phase modulation to amplitude modulation. The constructive 

output port of the delay interferometer produces an ODB, whereas the destructive port 

produces an AMI-RZ. The delay between the interferometer arms is half of the bit period 

(12.5 ps at 40 Gb/s) which turns out into a duty cycle of 38% for the AMI-RZ. 

The pattern generator and MZM used in the experiment operated at bit rates up to 

40 Gb/s. To achieve 80 Gb/s, a MLL with a repetition rate of 40 GHz was used instead of 

the CW laser, which output was modulated by a MZM at 40 Gb/s. The short pulse 40 Gb/s 
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signal was then passively interleaved in an optical bit rate multiplier resulting in a 80 Gb/s 

optical time domain interleaved (OTDM) signal. This setup is depicted in Fig. C.1 d). 

The simulation setup mimicked the experimental conditions in order to obtain 

simulated eye diagrams in the same conditions as the experiment. 
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Fig. C.1 Transmitter setup of a) NRZ signal; b) RZ 33%, RZ 50% and CS-RZ 67% signal; c) AMI and ODB 

signal; and d) 80 Gb/s OTDM signal. 
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Appendix D. Simulation binary sequence size 
 

This appendix is dedicated to the determination of the binary sequence size to be 

used in the simulations of chapter 3. It is highly desirable that the sequence size is as short 

as possible to minimize the simulation time. However, too small sequence sizes do not 

capture all the dynamics of the system and might yield misleading results when compared 

to longer sequences. 

In order to assess the minimum binary sequence size to provide accurate results, 

two simulation setups for wavelength conversion were chosen. In the first setup the probe 

is a CW beam, as depicted in Fig. D.1. In the second one the probe is a short pulse beam, 

according to Fig. D.2. The bit rate is 40 Gb/s and the samples per bit are 64, that translates 

to a sampling period of about 0.4 ps, which is enough to describe pulses of a few ps of 

width. The 2
n
-sized binary sequence is a pseudo-random binary sequence (PRBS) built 

from a de Bruijn sequence of size 2
n
-1 padded with a zero at the end. 

The required OSNR at a BER of 10
-10

 for both the input and output signals and the 

simulation time are presented in Fig. D.1 and Fig. D.2 for the conversion to CW and short 

pulse beams, respectively. In both figures the simulation time increases approximately 

linearly with the binary sequence size, with a simulation speed of about 2.9 and 3.5 bit/s, 

respectively for the CW and pulse probes, in an Intel 2.4 GHz Centrino 2 dual core laptop 

(processing with only one core). As for the required OSNR, the conversion to CW shows 

the same performance regardless of the binary sequence size, with a difference between the 

maximum and minimum observed required OSNR of 0.07 dB for both the input and output 

signals. However, for the conversion to short pulses, the required OSNR significantly 

depends on the binary sequence size for sequence sizes smaller than 2
7
. Relatively to the 2

7
 

sequence, the sequences with larger size yield only a maximum difference of 0.05 dB of 

the required OSNR for both the input and output signals. Therefore the 2
7
=128 bit binary 

sequence was chosen to perform the simulations of Chapter 3.  

 



             Optical Processing Devices and Techniques for Next Generation Optical Networks 

 

 225 

9

9.5

10

10.5

11

11.5

12

12.5

4 5 6 7 8 9 10
Binary sequence size (in units of log2)

R
eq

u
ir

ed
 O

S
N

R
 (

d
B

) 
.

0

50

100

150

200

250

300

350

400

T
im

e 
(s

)

Input signal

Output signal

Simulation time

 

Fig. D.1 Required OSNR for the input and output signals and simulation time for wavelength conversion to a 

CW beam as a function of the binary sequence size. The lines are guides for the eyes. 
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Fig. D.2 Required OSNR for the input and output signals and simulation time for wavelength conversion to a 

pulsed beam as a function of the binary sequence size. The lines are guides for the eyes. 
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Appendix E. ODL structure considerations 
 

In this appendix, considerations are devised about the ODL structures in the packet 

compressor and decompressor presented in chapter 4. The ODL structure is built to create 

a number of packet replicas separated by a specific time interval. However, when phase 

modulation formats are used, not only the delay of the replicas must be accurate, but also 

the phase, as shown in chapter 4. In that chapter, margins for the maximum phase deviation 

were established. It was assumed that the ODL structure provided a null phase shift 

between ODL arms. Now, a more detailed analysis is provided in this respect. 

A four arm delay line will be considered, suitable for four-fold compression and 

decompression, as in the examples of the figures of chapter 4. Two possible structures are 

investigated: the parallel structure that was considered in chapter 4 and that allows any 

natural number of replicas to be produced, and the cascaded Mach-Zehnder structure, 

which uses less ODLs to generate a power of 2 number of replicas than the former 

structure. Both are depicted in Fig. E.1. The ODL structures are built so that replicas are 

output with delays of 0, T, 2T or 3T, with T=Tp/N + Ts/N, according to the explanation of 

the compressor and decompressor concept in chapter 4.  
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Fig. E.1 ODL structures: a) parallel and b) cascaded Mach-Zehnder. The delay of each ODL is represented as 

kT, k=0,1,2,3. 

 

It shall be considered that the fibre or waveguide connections between elements 

(ODLs and couplers) do not introduce phase rotations. Furthermore, between the two 

couplers’ outputs there is a phase difference of π/2. Consequently, phase differences will 

result between the packet replicas at the output of the ODL structure, according to the 

particular path inside the ODL structure. This is valid for both the ODL structure in the 

packet compressor and in the decompressor. The phase differences acquired for each 

packet replica at the ODL structure output have been calculated for both structures and the 

results are presented in Table E-1 and Table E-2, for the cascaded Mach-Zehnder and 
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parallel structures, respectively. The chosen ODL structure input and output are denoted by 

a pair formed by the letters A, B, C and D, according to the labels in Fig. E.1. 

 
Table E-1 Phase difference introduced by the cascaded Mach-Zehnder ODL structure, for all paths and input 

and output ports combinations. 

Input output pair 

A C A D B C B D ODL 
Total 

delay 
Phase difference 

0,2 0 0 π/2 π/2 π 

1,2 T π 3π/2 π/2 π 

0,3 2T π π/2 3π/2 π 

1,3 3T π π/2 π/2 0 

 
Table E-2 Phase difference introduced by the parallel ODL structure, for all paths and input and output ports 

combinations. 

Input output pair 

A C A D B C B D ODL 
Total 

delay 
Phase difference 

0 0 π 3π/2 3π/2 2π 

1 T 0 π/2 π/2 π 

2 2T π π/2 π/2 0 

3 3T 2π 3π/2 3π/2 π 

 

The first conclusion from the analysis of Table E-1 is that, independently of the 

chosen input and output pair, some of the packet replicas have phase differences among 

them, for both ODL structures. Consequently, the phase differences acquired in the packet 

compressor must be carefully matched to the ones acquired in the decompressor so that the 

overall phase differences after the compressor and decompressor combo are cancelled out 

and the phase information of the packet is not distorted. It should be remarked that a phase 

difference of π/2 and π corresponds, respectively, to the phase difference between symbols 

of the QPSK and BPSK formats. As a result, a completely wrong binary sequence might be 

created if a proper ODL structure configuration is not used. The information is preserved 

in the compressor and decompressor combo if the phase difference between the symbols 

that crossed different paths is a multiple of 2π. 

After the compressor and decompressor combo, all symbols recover their original 

position in the bit sequence, which means that the sum of the delay that a particular symbol 

acquires in the compressor ODL and the decompressor ODL is the same for all symbols. 

Hence, the symbols acquiring a delay of 0, T, 2T and 3T in the compressor, will acquire 

delays of 3T, 2T, T and 0 in the decompressor, respectively. So, the phase differences 

corresponding to the previous delays should be summed to obtain the effective total phase 

difference. 
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After trying all the possible combinations, the following conclusions are attained, 

based on the assumptions made beforehand. It is not possible to have a cascaded Mach-

Zehnder ODL structure and a parallel ODL structure on the same compressor 

decompressor combo. Both ODL structures must be of the same type. For the cascaded 

Mach-Zehnder structure, one of the following input and output pairs must be used: AC 

must be complemented by BD and AD must be complemented by BC. The parallel 

structure is more flexible and both AC and BD can be complemented by both AC and BD. 

The same applies to BC and AD. 
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Appendix F. Details of the implementation of MCB 
with simulated eye 
 

In this appendix, the MCB method with the simulated eye diagram is discussed, for 

calculating the BER for a signal impaired by crosstalk, ASE noise and intersymbolic 

effects. 

It was seen in chapter 5 that the BER for a signal in such conditions could be 

calculated by eq. (5.28), which is here reproduced: 
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where (eqs. (5.24) and (5.25) ) 
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and As and Ax represent the optical field amplitude at the sampling time for signal and 

crosstalk signal, respectively, and the (0) and (1) superscripts represent conditioning to a 

‘0’ or ‘1’ bit, respectively. 

However, in the MCB with the simulated eye, the new MGFs are written as (eqs. 

(5.31) and (5.32)) 
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where the squares of the electric field amplitude in the exponential have respectively been 

replaced by the simulated values of the current at the sampling instant. These are now 
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determined from the electrical eye diagram, which is filtered by the electrical filter, as 

shown in chapter 5. 

For the conventional MCB method, there is no doubt of the meaning of the As 

which is unmistakeably the electric field amplitude of the signal. However, the optical and 

the electrical eye diagram are clearly different and therefore using si  instead of As, where 

is is the electrically filtered current of the signal at the sampling time, will yield different 

results. Therefore, the replacement of As by si  occurred only where appropriate, in the 

exponential of the MGF. However, the As also appears in the calculation of the total 

variance and in the part relative to crosstalk, as an argument of the modified Bessel 

function of the first kind. The total variance is  

2222

elASEASEASEstot
σσσσ ++=

−−  (F.4) 

where (eqs. (5.11) and (5.12) ) 

∫
+∞

∞−
− = dffHfHAS oesASEASEs

2222 )()(2σ
 (F.5) 

[ ]∫
+∞

∞−
− ∗= dffHfHfHS eoeASEASEASE

22222 )()()(σ
. (F.6) 

2
ASE ASEσ −  does not depend on the As, but 2

s ASEσ −  does, which is the variance of the ASE 

noise – signal beating. It will now be analysed if the As
2
 should, or not be replaced by is in 

the variance expression. 

Consider the following example where the electrical filter is very narrow, but the 

optical eye diagram is clearly open and does not show any intersymbolic interference in the 

sampling instant. The electrical filter will introduce intersymbolic interference in the 

sampling time and the electrical eye will show a smaller aperture than in the optical 

domain. In particular, in the zero level at the sampling time, is > As
2
. If As would be 

replaced by si  in the signal – ASE beating, the beating variance would be overestimated. 

In fact, Eq. (F5) already considers explicitely the dependence of the optical and electrical 

filters. Fig. F.1 and Fig. F.2 show the crosstalk induced OSNR penalty as a function of the 

optical receiver filter bandwidth, calculated by semi-analytical simulation and the MCB 

method, with a simulated eye diagram. The MCB results presented in Fig. F.1 were 

calculated replacing As by si  in the beating variance, whereas in Fig. F.2 As is kept. 
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Fig. F.1 Crosstalk induced OSNR penalty as a function of the optical receiver bandwidth, for 10 and 20 dB of 

extinction ratio, calculated by semi-analytical simulation (squares plus lines to guide the eyes) and the MCB 

method with simulated eye diagram (line only). The variance of the signal - ASE noise is calculated from the 

electrical domain (is). 
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Fig. F.2 Crosstalk induced OSNR penalty as a function of the optical receiver bandwidth, for 10 and 20 dB of 

extinction ratio, calculated by semi-analytical simulation (squares plus lines to guide the eyes) and the MCB 

method with simulated eye (line only). The variance of the signal - ASE noise is calculated from the optical 

domain (As). 

 

By comparing both figures, it can be concluded that using As in the signal – ASE 

variance, instead of is, gives OSNR penalties that are closer to the ones calculated by the 

semi-analytical simulation. The difference for high extinction ratios is larger due to the 
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effect explained before. For high extinction ratios, the ASE-beating in the zero level is very 

low, but using is in the beating variance exaggerates this beating and therefore gives 

overestimated BER values. However, for low extinction ratio signals, the zero level 

already has considerable power in the zero level and although si  is still larger than As, 

this effect is not as pronounced as in the previous case. 

Finally, the crosstalk impact in mk(zk) is accounted for in I0(2As Axz,), which came 

from the MGF of the signal - crosstalk beatings. Due to the approximation that the filters 

do not impact the signal - crosstalk beatings, I0(2As Axz,), was kept with the optical field 

amplitudes and not the square root of the electrical current counterpart. In fact, since the 

signal - crosstalk beatings occur at the receiver, before electrical filtering, similarly to the 

signal - ASE noise beatings, As should not be replaced by is. Taking again the example of 

the narrow electrical filter, in the zero level, si  > As. So, if As was replaced by is in 

I0(2AsAxz,), the crosstalk effect would be overestimated. Therefore, As is kept in the 

I0(2AsAxz,) term. 
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Appendix G. OSNR penalties of a NRZ signal due to 
crosstalk from a RZ signal 
 

Although not common nowadays, it is possible to have different modulation 

formats in the same hierarchy of an optical network. In such case, crosstalk between 

signals of different modulation formats could happen. In this appendix, cases of a NRZ 

signal impaired by crosstalk from RZ formatted signals are studied. First of all, since the 

RZ signal power is strongly dependent on time, i.e., the pulse occupies only a fraction of 

the bit slot, it is important to investigate if the crosstalk penalty is dependent on the bit 

delay between the signal and the crosstalk signal. The considered modulation formats of 

the crosstalk signal were NRZ, as a reference, RZ with 33% and 50% duty cycles, carrier 

suppressed RS (CS-RZ) with 67% duty cycle and alternate mark inversion (AMI) with 

38% duty cycle. For the sake of simplicity these modulation formats will now be called 

RZ33, RZ50, CS67 and AMI38, respectively.  

This study has been done by semi-analytical simulation, where the simulation setup 

is presented in Fig. G.1. Two CW lasers are modulated with data using pattern generators 

(PG) and Mach-Zehnder modulators (MZM), at 10 Gb/s. The NRZ signal is the output of 

one of the MZMs, which is the signal. The output of the other MZM is fed to a third MZM, 

which is driven by an electric clock signal, acting as a pulse carver, to create the crosstalk 

signal. Using appropriate clock frequencies, bias voltages and modulation amplitudes, a 

50% or 33% duty cycle RZ, or 67% duty cycle CS-RZ is obtained, according to the details 

in Appendix C. For the 38% AMI signal, the transmitter is slightly different, as shown in 

Appendix C, The crosstalk signal is then delayed with a variable optical delay line 

(VODL) to adjust and vary the bit delay between the signal and the crosstalk signal. 

Signal, crosstalk signal and ASE noise are combined, optically filtered and fed to an 

optical receiver and a BERT. The OSNR penalty is the difference between the required 

OSNR, for a BER of 10
-9

, for the crosstalk impaired signal and the crosstalk free signal. 

The optical bandpass filter has a 2
nd

 order Gaussian shape with 30 GHz of FWHM, and the 

ER is 30 dB. The SXR is set to 20 dB. 
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Fig. G.1 Simulation setup for calculating the OSNR penalty of a NRZ signal due to crosstalk induced by a 

RZ formatted signal.  

 

The results of the crosstalk induced OSNR penalty from the different modulation 

formats as a function of the bit delay between signal and crosstalk signal are presented in 

Fig. G.2. In Fig. G.2 a) an electrical receiver with bandwidth of 7 GHz was used, while in 

Fig. G.2 b) the bandwidth was 10 GHz. It is clear from the results that for a NRZ crosstalk 

signal the OSNR penalty does not depend significantly on the delay between signal and 

crosstalk signal, either using the 7 GHz or the 10 GHz electrical receiver. This is due to the 

constant level of optical power in the “1”s level. However, for the RZ modulation formats, 

the constant level is not present anymore and the crosstalk induced OSNR penalty is 

strongly dependent on the delay between signal and crosstalk signal. When the optical 

pulse of the RZ signal coincides with the centre of the eye of the NRZ signal, the penalty is 

much higher when compared to when the “return to zero” part of the RZ signal coincides 

with the NRZ signal eye centre. In fact, when the RZ optical pulse is away from the NRZ 

signal eye centre, the optical power of the crosstalk signal that is coincident to the NRZ 

centre is very low and in this case the crosstalk induced penalty is nearly zero. This effect 

is augmented for the 10 GHz bandwidth receiver, relatively to the 7 GHz bandwidth 

receiver, since the larger bandwidth receiver does not filter the RZ signal as much, and the 

current peak of the “1”s is less attenuated. Therefore, a narrower electrical bandwidth 

should be used to minimize the crosstalk induced penalty from a RZ formatted signal. 

Regarding the different RZ formats, it can be seen that the highest OSNR penalty occurs at 

a different delay for the AMI38 case relatively to the other RZ formats. This is exclusively 

due to the different position of the optical pulses in the bit slot, at the output of the pulse 
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carver. Comparing different modulation formats, the largest OSNR penalty is quite similar 

for all of them. Although in the optical domain the narrower duty cycle formats have large 

peak powers, the electrical filter attenuates these differences. Again, for the larger 

bandwidth electrical receiver, these differences are more significant, and therefore, the 

larger duty cycle CS67 yields a lower penalty than the other formats. 
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Fig. G.2 Crosstalk induced OSNR penalty on a NRZ caused by different modulation formats of the crosstalk 

signal, as a function of the bit delay between the signal and the crosstalk signal. a) 7 GHz bandwidth 

electrical receiver; b) 10 GHz bandwidth electrical receiver. 

 

The delay between the signal and crosstalk signal that gives the worst OSNR 

penalty has now been determined, for the different modulation formats. The OSNR 

penalties calculated by simulation will now be compared to the OSNR penalties calculated 

by the MCB method, using a simulated eye diagram. However, at the time of the derivation 

of the MCB method it had been observed that the signal crosstalk beating is not so well 

characterized when the filters impact the crosstalk signals. This is precisely the case, since, 

for RZ formatted crosstalk signals, the electric filter will impact the signal shape. The 

crosstalk induced OSNR penalty for different crosstalk signal modulation formats as a 

function of the SXR, calculated by the semi-analytical simulation, is presented in Fig. G.3. 

For clearness, the corresponding MCB method results are plotted in a different figure, Fig. 

G.4. 

Comparing the results obtained by the semi-analytical and MCB methods, it can be 

observed that the MCB method gives higher penalties than the semi-analytical method. For 

a SXR of 20 dB, the MCB penalties are about 0.3 dB higher than the semi-analytical 

penalties. This discrepancy is due to the approximate nature of the MCB method, and most 
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likely due to the inferior characterization of the signal-crosstalk beating term. Still, the 

MCB method correctly predicts that the NRZ crosstalk signal is the one that gives the 

lowest penalty, and the RZ33 is the format causing the highest penalty. The other RZ 

formats lie in between the previous, closer to the RZ33, since they are also RZ formatted. 
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Fig. G.3 Crosstalk induced OSNR penalty as a function of the signal to crosstalk ratio, for different crosstalk 

signal modulation formats, calculated by semi-analytical simulation. The lines are guides for the eyes. 
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Fig. G.4 Crosstalk induced OSNR penalty as a function of the signal to crosstalk ratio, for different crosstalk 

signal modulation formats, calculated by the MCB method. The lines are guides for the eyes. 
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Appendix H. Comparison between crosstalk 
penalties between synchronized and 
unsynchronized signal and crosstalk signal  
 

In real network conditions, the signal and the crosstalk signals are not 

synchronized, as it was considered in the results to determine the crosstalk impact in 

chapter 5. Therefore, in this appendix, the crosstalk induced OSNR penalty is assessed in 

the case where the crosstalk signal is synchronized to the signal, and in the case where the 

crosstalk signal and the signal are not synchronized, meaning that both signals have the 

same bit rate, but they are slowly drifting in time. 

The simulation setup is similar to the one described in Appendix G, but the pulse 

carver is excluded. Therefore, both signal and crosstalk signal are NRZ. In each simulation 

run, the delay introduced by the VODL in the crosstalk path is varied randomly with a 

uniform distribution, so that two uncorrelated drifting signals are simulated. 

The results of the simulation are presented in Fig. H.1. The crosstalk induced 

OSNR penalty was calculated as a function of the receiver optical filter bandwidth, for 

extinction ratios (ER) of 10 and 20 dB. Both synchronized and unsynchronized signal and 

crosstalk signal were considered. The synchronized penalties were obtained for the worst 

delay between signal and crosstalk signal, i.e., the delay resulting in the worst penalty, 

according to the results of Appendix G. The synchronized penalties are larger than in the 

unsynchronized case, but the difference in penalty is typically about 0.1 dB. This result 

agrees with the previous investigation of the dependence of the OSNR penalty on the delay 

between signal and crosstalk signal (Appendix G), where it had been shown that for the 

NRZ crosstalk signal the difference of the OSNR penalty between the worst and the best 

delay case is not very significant. As a conclusion, taking the case of worst delay between 

signal and crosstalk gives a slightly larger penalty than that considering time drifting 

between the signal and the crosstalk signal. Nevertheless, it is prudent to use the 

synchronized crosstalk penalty since, in a real network, the signals might be slowly drifting 

and the signal and crosstalk signal can have the worst delay for some periods of time, 

resulting in bursts of errors. 
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Fig. H.1 Crosstalk induced OSNR penalty as a function of the optical receiver bandwidth, for extinction 

ratios (ER) of 10 and 20 dB. Squares and triangles are for synchronized and unsynchronized signal and 

crosstalk signal, respectively. The lines are guides for the eyes. 

 


