
 

Advanced modulation formats for optical access networks

Citation for published version (APA):
Sotiropoulos, N. (2013). Advanced modulation formats for optical access networks. [Phd Thesis 1 (Research
TU/e / Graduation TU/e), Electrical Engineering]. Technische Universiteit Eindhoven.
https://doi.org/10.6100/IR751950

DOI:
10.6100/IR751950

Document status and date:
Published: 01/01/2013

Document Version:
Publisher’s PDF, also known as Version of Record (includes final page, issue and volume numbers)

Please check the document version of this publication:

• A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:
openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 26. May. 2023

https://doi.org/10.6100/IR751950
https://doi.org/10.6100/IR751950
https://research.tue.nl/en/publications/795a542f-28fd-4b6a-ac4e-52011b6da63c


Advanced Modulation Formats for Optical 
Access Networks 

 
 
 
 
 
 

PROEFSCHRIFT 
 
 
 

ter verkrijging van de graad van doctor aan de 
Technische Universiteit Eindhoven, op gezag van de 
rector magnificus, prof.dr.ir. C.J. van Duijn, voor een 

commissie aangewezen door het College voor 
Promoties in het openbaar te verdedigen 
op maandag 8 april 2013 om 16.00 uur 

 
 
 

door 
 
 
 
 

Nikolaos Sotiropoulos 
 
 
 

geboren te Athene, Griekenland 

 



Dit proefschrift is goedgekeurd door de promotor: 
 
 
prof.ir. A.M.J. Koonen 
 
 
Copromotor: 
dr.ir. H. de Waardt 
 
 
 
 
A catalogue record is available from the Eindhoven University of 
Technology Library 
 
Sotiropoulos, Nikolaos 
 
Advanced Modulation Formats for Optical Access Networks 
Eindhoven, Technische Universiteit Eindhoven, 2013 
Proefschrift 
ISBN: 978-90-386-3361-9 
NUR 959 
 
Trefw.: optische telecommunicatie / locale telecommunicatie / 
signaalverwerking 
Subject Headings: optical fibre communications / local area networks 
/ signal processing 
 
Copyright © 2013 by Nikolaos Sotiropoulos 
All rights reserved. No part of this publication may be reproduced, 
stored in a retrieval system, or transmitted in any form or any means 
without the prior written consent of the author. 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Time and Space died yesterday. We already live in the absolute, because 

we have created eternal, omnipresent speed. 

 

F. T. Marinetti, the Futurist Manifesto (1909) 

 

  



This thesis has been approved by a committee with the following members: 

 

Prof. dr. Idelfonso Tafur Monroy (Technical University of Denmark) 

Prof. dr. Hercules Avramopoulos (National Technical University of Athens) 

Prof. dr. Jan W.M. Bergmans (Eindhoven University of Technology) 

Dr. Jos J.G.M. van der Tol (Eindhoven University of Technology) 

Dr. ir. Eduward Tangdiongga (Eindhoven University of Technology) 

 

 



 

Summary 

Advanced Modulation Formats for Optical Access 

Networks 

 
The explosion of Internet-based applications and media delivery over IP in 

recent years has fuelled the research for faster broadband connections in access 

networks, or ‘first-mile’ connections, as they are often called. It is widely 

agreed that fiber-based access networks are the only solution that can efficiently 

provide the required bandwidth in the long term, however there is a number of 

competing optical technologies that aim to form the basis for these future, high-

performance access networks. 

In this thesis, the proposal is put forward to use multilevel modulation 

formats with differential detection and digital signal processing in order to 

efficiently scale the bit rate up to 40 Gb/s in future optical access networks. 

With multilevel modulation, the system bit rate can be increased beyond 10 

Gb/s, the bit rate specified in the latest industry standards, while keeping the 

bandwidth of the required photonic and electronic components and the deployed 

optical distribution network unchanged. By employing differential detection, 

simpler receivers and digital signal processing are required, compared to the 

alternative method of detecting multilevel signals (coherent detection). DSP can 

mitigate impairments and allow for simpler transceivers in the optical part, at 

the price of increased reliance to digital electronics, which however are subject 

to Moore’s law. 

Regarding the implications due to the multiple-access nature of PON 

networks, the multilevel signals can be treated in the higher layers, responsible 

for bandwidth allocation, as binary streams with the equivalent bit rate. 

Alternatively, the order of the modulation can be exploited as an additional 

degree of freedom, if software-defined transceivers are available, allowing 

physical layer-aware MAC protocol optimization. Due to the short fiber lengths 

and power levels involved, no significant degradations to multilevel signals 

because of nonlinear effects caused by the varying levels of optical power in the 

fiber (as a result of different user link lengths) are expected. For the upstream 

channel, good linearity and dynamic range are required from the receiver, but 

automatic threshold setting can be avoided in DSP-based receivers. 

Furthermore, multilevel modulation, with its increased spectral efficiency, 
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allows a reduction of packet duration, reducing congestion probability on the 

upstream link. 

Four potential candidate multilevel formats are identified and their 

performance is examined through simulations and experimental work. Two 

modulation formats, phase pre-integration and coded 16QAM, which enable 

differential detection of square QAM constellations by means of suitable signal 

processing, are evaluated though extensive simulations using the VPI software 

package. Phase pre-integration 16QAM is shown to yield very good receiver 

sensitivity at 10 Gb/s for both downstream and upstream channels, with a 

sufficient margin to cover for electrical impairments. Coded 16QAM can 

achieve 10 and 40 Gb/s error-free transmission for the downstream and 10 Gb/s 

for the upstream channel. On the other hand, it is more vulnerable to electrical 

impairments due to the closer symbol spacing of the received constellation 

diagram. 

We then proceed to validate the potential of multilevel differential formats 

experimentally. D8PSK and 16QAM have been chosen for the experimental 

work, as they are easier to generate at the symbol rates (10 Gsym/s) that are of 

interest in this work. A versatile experimental set-up has been developed, 

capable of generating and detecting a variety of differential multilevel formats. 

The receiver sensitivity of the two aforementioned modulation formats, acting 

as a downstream channel, is measured at 2.5 and 10 Gsym/s in the context of an 

access network. A cost-efficient asymmetric OOK signal is used as the 

upstream channel, with a bit rate equal to the downstream symbol rate. For the 

final experiment, bidirectional transmission over PON of a 40 Gb/s Star 

16QAM downstream channel and a 30 Gb/s D8PSK upstream channel 

demonstrates the capability of these formats to scale efficiently the bit rate in 

both directions. The achieved sensitivities indicate that power budgets that 

allow large splitting ratios and long reach, specifically up to 128 users and 40 

km, are possible for both formats, enabling high-speed future access networks. 

To exploit the possibilities offered by DSP-based detection, algorithms that 

simplify the receiver and enhance sensitivity are presented and evaluated 

through simulations and experimental data. By inserting pilot symbols at the 

start of every transmission, it is shown that there is no need for active alignment 

of the phase of the incoming signal, by means of optical phase shifters. Gram-

Schmidt orthonormalization is used to compensate IQ imbalance and relax 

phase error requirements on the demodulator. Finally, a multiple symbol phase 

estimation algorithm that creates a better phase reference is applied to the 

experimental data collected from the system experiments to enhance the 

sensitivity of the receiver. 

Photonic integration is instrumental in enabling transceivers suitable for the 

cost-sensitive access networks market. Silicon-based devices are especially 
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interesting, as silicon has a favorable cost profile and re-use of infrastructure 

developed for integrated CMOS electronics is possible. Integrated devices using 

Silicon-on-Insulator technology, designed and fabricated by external partners, 

are evaluated with differential formats. Specifically, a 40 GHz demodulator and 

two complete receivers, at 5 and 10 GHz, incorporating a novel MMI design 

and zero-biased Ge photodiodes, are extensively tested. Low phase errors and 

error-free detection of DQPSK is shown with these compact and low-

complexity receivers. Results indicate that silicon-based devices can be 

important building blocks for cost-effective and high-performance multilevel 

transceivers. 
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Chapter 1 General Introduction 

 

 

 

1.1 Motivation for the work 

The explosive growth of Internet has profoundly changed 

telecommunications, the economy and society in general. Before the widespread 

deployment of Internet, voice transmission, in the form of traditional telephony, 

was the main form of bidirectional communication. Even earlier, telegraph was 

the main bidirectional (albeit slow and not simultaneous) service. Television 

broadcasting was used as a unidirectional communications service, without any 

control about the scheduling of the content from the user. Some niche 

bidirectional digital services also existed, such as fax, mainly for business users. 

The situation has changed dramatically since then. Internet has allowed the 

exchange of content and information between users, through peer-to-peer 

networking and the web. Television services can be transferred over Internet 

Protocol (IPTV) emulating traditional TV broadcasting [1]. On the other hand, 

Video-on-Demand (VoD) applications allow users to access video content at 

their convenience [2]. Voice-over-IP (VoIP) applications can provide voice 

communications without a need for legacy telephony networks, with video 

telephony gaining in popularity [3]. Furthermore, the digitization of books, 

paintings, films, music and other cultural artifacts is constantly expanding, with 

the resulting digital archives often being available on the Internet [4]. It can be 

stated that, if the trend continues, practically all human knowledge and cultural 

output that has survived through the ages will be available on-line.  

The transformative effect that the availability of this collective information, 

instant communication and frictionless spread of ideas can have in society is 

already evident in everyday life. It estimated that the contribution of Internet to 

the global Gross Domestic Product (GDP) is around 3% [5]. Small and medium 

enterprises have particularly benefitted, as well as consumers, especially 

through the rise of e-commerce. Educational material can be found increasingly 
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available on-line, including material from world-leading universities such as 

MIT [6] or initiatives more focused in developing countries [7]. Billions of 

people are engaged in social networks, which have often facilitated 

communication and exchange of ideas in regimes that try to impede free speech 

[8] and alternative sources of information abound in the web [9]. Remote house 

monitoring and e–health applications can substantially improve the standards of 

living of elderly and ill people. More transparency in public affairs is enabled 

by requiring laws and government spending to be published on-line [10]. Video 

conferencing and tele-presence can reduce commuting and business traveling 

and allow more flexible arrangements of work and personal life. The advent of 

cloud computing means that the need for high processing power and storage 

capabilities locally in the various computing devices (desktops, laptops, tablets, 

smartphones etc.) is replaced by the need to have broadband access. Finally, 

entertainment activities such as listening to music or playing video games have 

increasingly become more Internet- and social network-based. 

It is, therefore, of paramount importance to enable reliable, efficient and 

high-speed access to all this wealth of information, as well as advanced 

communication services, to all members of society. Copper-based access 

networks, mainly based on cable and Digital Subscriber Line (DSL) 

technologies, have enabled this digital revolution to reach a significant portion 

of the population, but their scaling, in terms of bit rate and power consumption, 

is becoming problematic. To facilitate the continued growth of offered 

bandwidth, fiber-based access networks are the only ‘future-proof’ solution. 

Already, Fiber-To-The-Home (FTTH) networks have seen significant 

deployment in several countries, with various configurations and architectures. 

What all the already deployed FTTH systems worldwide have in common is 

that they utilize On-Off Keying (OOK) as the modulation format of choice. 

OOK sends one bit of information in every symbol, encoded in the presence or 

absence of an optical pulse. This allows very simple transmitters and receivers, 

but the spectral efficiency of the signal is very low, as the bandwidth of the 

photonics and electronics should be more or less equal to the system bit rate. If 

bit rates significantly higher than 10 Gb/s are required in FTTH networks with 

time-division multiple access schemes, as it is expected, OOK transceivers 

become prohibitively expensive for access applications and alternative ways to 

scale the bit rate are to be found. 

The proposal put forward in this thesis is to use advanced multilevel 

modulation formats capable of encoding multiple bits per symbol, in 

conjunction to incoherent detection, to achieve very high speed future FTTH 

systems. With multilevel modulation, the bit rate can be scaled without 

requiring very high speed optical and electrical components. Incoherent 

(differential) detection, which enables the recovery of differential phase 
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information by beating the incoming signal with a delayed version of itself, 

simplifies the receiver structures compared to other methods of receiving 

multilevel signals, such as coherent detection. 

Multilevel transceivers do not fit yet in the strict cost profile of access 

networks. It is expected that the merging of electronics and photonics in 

integrated systems, as envisioned in Project MEMPHIS
1
, will make cost-

efficient incoherent multilevel transceivers feasible. The reduction of the 

bandwidth afforded by multilevel coding allows low-cost components 

(photodiodes, amplifiers, connectors etc.), eases packaging and enables silicon-

based digital signal processing. Moreover, the mass-market application of 

transceivers for FTTH systems fits well with the cost profile of integration 

technology. Furthermore, the potential limitations of integrated devices are not 

so important in access networks, which have more relaxed requirements in 

terms of bit rate and distance, compared to long haul links. Finally, 

functionalities can be moved to the electronic domain, where algorithms that 

can compensate for signal impairments, ease the requirements for the photonic 

devices and enhance the performance of the system can be implemented. The 

added complexity due to multilevel coding and electronic processing can be 

offset by savings in the total network, as a higher number of users and longer 

reach can be supported, reducing the points of presence and operating expenses 

of the network operators. 

1.2 Contributions of this thesis 

The main contributions of this thesis are listed below: 

 

 Suitable system concepts for passive optical networks based on 

advanced multilevel modulation formats have been established. 

 

 An experimental test-bed capable of transmitting and receiving 

various multilevel modulation formats has been developed and its 

limitations and potential improvement are discussed. 

 

                                                      
1
 MEMPHIS (Merging Electronics and Micro&nano-Photonics in Integrated 

Systems) is a national project funded by the Dutch government. MEMPHIS 

goal is the research and development of an integrated electronic-photonic 

technology platform to provide a broad range of multi-function miniaturized 

electronic-photonic devices with applications in broadband communication, 

healthcare, tracking and positioning. 
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 The performance of a number of multilevel differential 

modulation formats, namely D8PSK and three flavors of 16QAM, 

in the context of access networks has been evaluated for the first 

time, through simulations and experimental work. 

 

 Signal processing algorithms that are critical for digital incoherent 

receivers have been validated with simulations and experimental 

data. 

 

 Integrated differential demodulators and receivers implemented in 

Silicon-On-Insulator technology have been experimentally 

assessed. 

1.3 Contents of each chapter 

The thesis is structured as follows. In Chapter 2, the main architectures for 

FTTH systems are discussed. An overview of FTTH history and its current 

deployment and standardization status is given. The Chapter concludes with a 

discussion of the system requirements of future FTTH systems and the solutions 

proposed in the literature to meet these requirements. In Chapter 3, the theory 

of multilevel modulation is introduced. The two methods of detecting multilevel 

signals are then described and compared. An overview of the literature on 

multilevel modulation in access networks is presented and a detailed 

explanation of the four modulation formats (D8PSK, Star 16QAM, phase pre-

integration 16QAM and coded square 16QAM) that are the focus of this thesis 

is given and their applicability to access networks is discussed. In Chapter 4, 

the modeling of the phase pre-integration 16QAM and coded square 16QAM 

optical access networks in the VPI simulation software is discussed and the 

main results from simulations regarding achievable receiver sensitivity based on 

these models are presented. An analysis of sensitivity of these formats to 

transmitter and receiver impairments follows afterwards. Chapter 5 first 

describes the experimental test-bed that was built in order to evaluate the 

differential modulation formats and its main components. Then, the experiments 

that were performed to validate the performance of D8PSK and Star 16QAM at 

a symbol rate of 2.5 and 10 Gsym/s are shown and the main results, in terms of 

critical access network aspects such as splitting ratio and reach, are presented 

and discussed. Algorithms that enable a digital incoherent receiver are 

explained and their performance is evaluated through simulations and 

experimental data. In Chapter 6, the experimental work performed with 

integrated devices for incoherent detection is presented. The devices that were 
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characterized include a differential 40 GHz demodulator and fully integrated 

receivers at 5 and 10 GHz. The main conclusions of this thesis are summarized 

and recommendations for the extension of this research are given in Chapter 7. 

The thesis concludes with Chapter 8, where an outlook on the future of optical 

access networks is presented.  

 





 

Chapter 2  Introduction to Optical 

Access Networks 

 

 

 
In this Chapter, an introduction to optical access networks is given. The 

Chapter begins by describing the main FTTH architectures and their relative 

advantages and disadvantages. A brief history of FTTH trials and important 

research projects, as well as standardization efforts and current deployment 

status worldwide is then presented. The Chapter concludes with an analysis of 

the demands placed on future optical access networks and an overview of the 

solutions put forward in the literature to meet these demands. 

2.1 FTTH architectures 

The introduction of optical fiber in the access domain (‘first-mile’) allows 

different network architectures besides the simple Point-to-Point (PtP) 

configuration used in copper-based subscribers’ lines, due to the inherently high 

bandwidth and low attenuation of the medium. This high available bandwidth 

can be shared among users in the time, frequency and code domain. If there are 

no active components in the field, the resulting network is designated as a 

Passive Optical Network (PON). If active equipment in the network splitting 

node is used, then the network is known as Active Optical Network (AON). The 

nomenclature of optical access networks has been codified in the early PON 

standards. The Optical Line Terminal (OLT) contains the optical access 

interfaces, aggregates the traffic and interfaces with the metro/core networks. 

The OLT is usually located in the Central Office (CO). The Optical Network 

Unit (ONU) contains the optical to electrical interfaces to the various devices in 

the customer premises. It is located in the user premises for FTTH systems, or 

at a distance, for FTTx systems (where x can be building, curb or cabinet, 

designating where the fiber is terminated). The Optical Distribution Network 

(ODN) specifies all the fiber and equipment (optical and electrical) between the 
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OLT and the ONU. The Remote Node (RN) is the location of the branching 

device (splitter, wavelength (de)multiplexer or Ethernet switch). For PtP 

systems, there is no RN. The main possible architectures are explained in the 

following sections. 

2.1.1 PtP networks 

PtP networks utilize one (or even two, if bidirectional transmission is not 

preferred) dedicated fiber to connect every user to the CO, which can be seen in 

Figure 2.1a. This is the simplest configuration possible. The main advantage of 

PtP is that every connection is independent, so different bit rates can be 

accommodated for each user and upgrades can be done on a per-user basis. On 

the other hand, the high fiber lengths required increase installation costs. Also, 

one transceiver per user is required, which means that floor space and powering 

in the CO can be significant issues. One more fundamental problem with the 

PtP architecture is that, while a single fiber could carry the traffic of several 

users in an economic fashion, a dedicated fiber link has to be installed for each 

user. Nevertheless, PtP due to its simplicity comprises a significant part of 

FTTH deployments, especially in Europe, although its market share is 

declining, as it is shown in Section 2.2.2. 

2.1.2 AON 

The fiber and transceiver count can be reduced if a suitable form of 

multiplexing of the user data is implemented. Multiplexing in the time domain 

has been heavily used in electrical, both wired and wireless, transmission and 

very efficient standards, such as SDH, ATM and Ethernet, have been 

developed. The users’ traffic is aggregated in the CO and is transmitted over a 

single feeder fiber. The multiplexing of users’ data over a single fiber in this 

scheme introduces the issue of efficiently sharing the bandwidth between users 

over the Medium Access Control (MAC) protocol; however, there is no risk of 

collision of data streams from different users [11]. In the active node, the 

incoming optical signal is converted to the electrical domain and a switching 

element (typically an Ethernet switch) forwards each subscriber’s data to the 

respective fiber, after being converted back to the optical domain. The 

architecture of AON is shown in Figure 2.1b. Such a scheme is much more 

efficient than PtP networks in terms of transceivers and fiber required, but the 

existence of active equipment in the ODN is problematic. The RN needs to be 

powered and environmentally controlled, which increases Operating 

Expenditure (OPEX) and therefore cannot be considered as the ultimate 

solution in optical access networks. 
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Figure 2.1 FTTH architectures 

2.1.3 TDM-PON 

A PON attempts to provide a solution that combines the efficiency afforded 

by AONs with the simple ODN of PtP networks. In a PON based on Time-

Division Multiplexing (TDM), the O/E/O conversion and the Ethernet switch in 

the RN are replaced by a passive power splitter/combiner (shown in Figure 

2.1c). The downstream data are broadcasted to all the subscribers and each 

subscriber decodes only the data that are received in the timeslot that is 

dedicated to them by the OLT. In the same manner, the subscriber only 

transmits its data upstream when the OLT assigns to them a timeslot, to avoid 

collisions in the common feeder fiber with other users’ data. The resulting ODN 

is the simplest and most cost-efficient, reducing both capital and operational 

expenses. Bandwidth can be dynamically assigned to the users, which increases 

management complexity, but on the other hand statistical multiplexing can 

allow very high throughput over the line. Such dynamic bandwidth assignment 

is implemented with suitable algorithms in the MAC layer. These algorithms 

are based on a polling protocol, where each ONU reports the number of packets 

in queue and the OLT assigns the timeslots for transmission to each ONU 

according to the overall traffic conditions [12]. The main drawback of TDM-

PONs is that, since the downstream signal is broadcasted to the users, the 

receivers in the ONU need to operate on the system bit rate, which is 
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considerably higher than the actual bit rate per user and consequently are more 

expensive and difficult to scale. Also, in the OLT the receiver needs to operate 

on burst-mode, since the signals from different ONUs arrive with different 

power levels, due to different fiber lengths. This puts some additional 

constraints on the potential scaling of the TDM-PON. Another limitation is the 

splitting losses in the ODN, which increase at least logarithmically with the 

number of users N (10logN). Despite these shortcomings, TDM-PONs achieve 

very good cost-efficiency [11] and have been codified in a series of standards. 

Extensive deployments have taken place worldwide, especially in North 

America and East Asia. The standardization and deployments of TDM-PONs 

will further discussed in Section 2.2.2. 

2.1.4 WDM-PON 

In Wavelength-Division Multiplexing (WDM) PONs, seen in Figure 2.1d, 

each subscriber is assigned one or two wavelengths (depending on whether 

there is wavelength re-use for the upstream channel) and the passive splitter is 

replaced by a WDM (de)multiplexer, typically an Arrayed Waveguide Grating 

(AWG) multiplexer. WDM-PONs create logical point-to-point connections 

similar to PtP systems. That means that there is no competition for bandwidth 

between the users and the network is transparent to modulation formats and bit 

rates. Also, the power budget is much more relaxed than the TDM case, since 

instead of the splitter an AWG  is used, which introduces a small loss (4-5 dB) 

that is independent of the number of users. However, wavelength-selective or 

wavelength-specific (‘colored’) components are required in the ONU; the first 

tend to be expensive and the second create inventory issues for the network 

operators [13]. Extensive research (which will be presented in Section 2.3.2) 

has been performed to develop WDM-PON systems with ‘colorless’ ONUs, 

which do not use wavelength-specific light sources, but no large-scale 

commercial deployments have been made so far, with the exception of South 

Korea [14]. Also, the scaling of the number of users would require DWDM 

techniques, which are not readily applicable in the access domain. Finally, as in 

PtP systems, the requirement for a transceiver per user in the OLT puts pressure 

in the power consumption and floor space availability in the CO and there is no 

possibility for dynamic bandwidth assignment and statistical multiplexing gain. 

However, as WDM technology matures, it is expected that some form of WDM 

will be implemented in future optical access networks. 

2.1.5 OCDMA-PON 

The application of a widely used multiplexing technique from wireless 

communications, Code-Division Multiplexing (CDM), to PONs creates a PON 
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where logical point-to-point connections are enabled by using specific 

orthogonal codes for the transmission of each user’s data [15]. The ODN of the 

OCDMA-PON is based on a passive splitter, similar to a TDM-PON [15] 

(Figure 2.1c). There are two flavors of OCDMA-PONs, time-sliced and 

spectrum-sliced systems.  In time-sliced systems, each user uses a signature 

sequence to encode its data. Such a sequence needs to be M times the bit 

duration, where typically M is larger than the number N of users in the PON. 

This requirement results in very high-speed line rates, even if moderate bit rates 

per user are to be accommodated, and correspondingly complex receivers and 

transmitters in the ONU. In spectrum-sliced systems, the data are coded using 

combinations of spectral slices from broadband light sources, typically LEDs. 

In this case, dispersion and power issues arise, due to the large bandwidth and 

low output power of such systems, limiting the reach and the achievable 

splitting ratio. Furthermore, the scaling of OCDMA-PONs is difficult, because 

the number of suitable orthogonal codes cannot be easily scaled. Finally, 

OCDMA systems suffer from Multi-Access Interference (MAI); since the 

signals from all the users are detected in every receiver, despite their 

nonorthogonality there is a probability that the sum of the interfering signals is 

higher than the threshold for detection [16]. MAI can significantly degrade the 

BER performance of the system. For these reasons, despite considerable 

research efforts, OCDMA-PONs have not been commercially deployed and are 

not considered a very attractive option for future optical access networks. 

2.1.6 OFDM-PON 

Another popular modulation/multiplexing technique originally developed in 

electrical communications that has found attention in the optical domain is 

Orthogonal Frequency-Division Multiplexing (OFDM). In OFDM, data 

modulate a number of subcarriers, which are orthogonal to each other, with 

advanced multilevel formats [17]. The orthogonality ensures that there is no 

Inter-Carrier Interference (ICI) between the subcarriers, and high spectral 

efficiency is achieved, since the subcarriers are overlapping. Each subcarrier is 

narrowband, which means that dispersion effects are less severe. In addition, 

frequency-domain equalization can be straightforwardly implemented, which is 

less complex than time-domain equalization that is usually implemented in 

single-carrier systems. The ODN of an OFDM-PON is the same as a TDM-

PON (Figure 2.1c), but OFDM transceivers are required instead of OOK ones. 

Bandwidth can be shared among users by assigning different subcarriers to each 

ONU [17]. Similar resource sharing of components in the ODN and the CO as 

in TDM-PONs is achieved, but the transceivers are more complex, requiring 

Digital Signal Processing (DSP) to implement the necessary signal generation 
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and detection functions, which also leads to higher power consumption. The 

suitability of OFDM for access applications depends heavily on the availability 

of cost-efficient DSP-based transceivers. 

2.1.7 Hybrid Configurations 

Some of the multiplexing methods described in the previous sections can be 

applied in the same access network, in an effort to enable very-high speed, cost-

efficient networks. For example, WDM can be easily applied to stack TDM- or 

OFDM-PONs [18] operating on different wavelengths, if a WDM multiplexer is 

placed in the RN before the splitter. The WDM assignment can be static or 

dynamic, with the latter approach being able to respond to shifting traffic 

demands in real-time [19], [20]. In OFDM-PONs, subcarriers can also be shared 

in the time domain between users, without the need for any changes in the 

ODN. It is also possible to consider a WDM-TDM-OFDM PON, which can 

give several degrees of freedom for dynamic bandwidth assignment, with very 

fine granularity [21]. Such configurations are mainly examined in the context of 

Long-Reach PONs, which aim to provide broadband access for a large number 

of users (>1024) and over long distances (>60 km), in an effort to reduce the 

number of COs in the entire network and as a result reduce expenses for the 

operators. The WDM aspect of such networks introduces the problem of 

accommodating low-cost colorless ONUs, as explained in the discussion over 

pure WDM-PONs. In addition, the increased losses in the distribution path due 

to the higher splitting ratio, increased reach and the insertion of the WDM 

multiplexer necessitates the use of optical amplification in the field or coherent 

detection techniques. Therefore, such hybrid configurations bring their own 

challenges and further research is required in order to adequately address them. 

2.2 Evolution of optical access networks 

2.2.1 First FTTx experiments and field trials 

The use of optical fibers as transmission medium in access networks has been 

proposed and first tested in the 1970s, with the first field trial taking place in 

Japan in 1977 [13] and fist trial commercialization began in 1988 by AT&T 

[22]. Extensive field-trials were carried out in many countries, such as in US 

[23], France [24], Germany [25] and Britain [26]. These first deployments were 

based on the point-to-point approach. The first point-to-multipoint FTTH 

system was proposed by BT in 1987 [22], followed by a field trial a few years 

later. However, a number of reasons limited the deployment of these early 

FTTH systems. Firstly, in FTTH systems, the equipment in the user premise 
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was not powered by the Central Office, as is the telephone in a traditional 

copper-based access network, resulting in the loss of the “life-line” aspect of the 

telephone service. Secondly, the cost of deploying pure FTTH was higher than 

copper deployment. Thirdly, there were no applications that would justify the 

increased costs of FTTH networks, since Internet was in its infancy and 

telephone companies were not allowed to offer video services in competition 

with cable companies (at least in US). Alternative architectures that were much 

more successful in the 1990s were Fiber to the Curb (FFTC), Fiber to the 

Cabinet (FTTCab) and Fiber to the Building (FTTB). From a remote terminal in 

the curb/cabinet/building, copper cables would bridge the remaining distance to 

the user premises. 

At the same time, Internet began to expand rapidly, and DSL technologies 

over copper subscriber lines were developed to provide broadband access to 

residential and business users. The increased availability of broadband access 

led to wider popularity of bandwidth-demanding applications over the Internet, 

such as video services and social networking, which in turn fueled the demand 

for even higher bit rates by the users. New DSL standards have been deployed, 

with the last one being VDSL2 [27], that can accommodate bit rates in the range 

of tens of Mb/s up to 200 Mb/s, depending on the length of the link (for the 

downstream channel). The reach of these systems, however, is limited to a few 

kilometers at most, which means that they have to rely on FTTx technologies to 

cover most of the distance of the subscriber loop. Once again, the success of 

VDSL means that applications like High Definition Television (HDTV) and 

cloud computing became feasible and drive the demand for even higher bit 

rates. For cable networks, similar developments took place, with the Hybrid 

Fiber-Coax (HFC) technology enabling the offer of broadband access to 

customers connected to cable TV (CATV) networks. 

 

Several research projects on optical access networks were undertaken in the 

1990s, which significantly advanced the state of the art end explored different 

technologies and network architectures. One approach, advocated in project 

TOBASCO [28] and the FiberVista concept [29] combined CATV networks 

with PONs, offering broadband Internet access along with video services. A 

wavelength-reconfigurable fiber wireless network was proposed in project 

PRISMA [30] that could handle a wide variety of wireless services and capacity 

demands and support the evolution of mobile technology standards. Other 

projects focused on developing large-scale networks with very high splitting 

ratios and long reach, either through pure TDM-PON (superPON [31]) or 

through hybrid WDM/TDM configuration (SONATA [32]). Different 

distribution network architectures, besides the tree configuration presented in 

the previous sections were explored, in particular ring topologies, since they 
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offer better resilience in case of fiber cuts or component failures. A pure ring 

architecture was proposed in [33] and a star-ring architecture was examined in 

[34], while a ring-based feeder network that can accommodate different 

topologies for the distribution part has been evaluated in [35]. At the same time 

considerable effort was made to improve the performance and cost-efficiency of 

WDM-PONs. Reviews of these early efforts in the field can be found in [36], 

[37] and [11]. 

2.2.2 Standardization and market penetration 

Despite considerable technical progress in the early 1990s, it had become 

apparent that only through close international co-operation and standardization 

would operators consider the deployment of FTTH systems. Standardization 

would ensure inter-operability and drive down costs (by means of large-volume 

manufacturing), minimizing some of the risks involved in investing billions in 

new access infrastructure with uncertain, at that point, services and revenues 

models. Leading telecom operators and equipment vendors formed a group 

called Full Service Access Network (FSAN), aiming to standardize PONs. 

TDM-PON was chosen as the preferred architecture, since it offers 20-35% 

capital expense reduction compared to PtP solutions [13]. At that point, WDM-

based PONs were not considered as a candidate for standardization due to lack 

of mature components. The first standard specified operation of up to 622 Mb/s 

downstream and up to 155 Mb/s upstream and it was crystallized in ITU-T 

specification G.983 in 1998 [38]. It was based on the ATM protocol, which was 

heavily favored by the telecommunications industry at the time, and was called 

APON. A slightly upgraded version of APON was known as Broadband PON, 

or BPON, which was finalized in 2002. 2.5 Gb/s operation was specified in 

G.984 (GPON) in 2005 [39], while 10 Gb/s was standardized as G.987 

(XGPON) in 2010 [40].  Similar activities were undertaken under the umbrella 

of IEEE, based on the popular Ethernet protocol technologies. 1 Gb/s Ethernet 

PON was standardized as IEEE 802.3ah (EPON) [41], and 10 Gb/s as IEEE 

802.3av (10GEPON), in September 2009 [42]. This development has led to two 

different and competing families of standards, a situation which continues up to 

now. 

FTTH has captured a significant market share in many countries and fiber-

based broadband access subscriptions account for almost 12% of the total in 

OECD countries, by June 2010 [43]. The world leaders in FTTH penetration, 

defined as the percentage of FTTH connections among the total number of 

broadband connections, are South Korea (55%), Japan (40%), United Arab 

Emirates (32%) and Taiwan (27%) [44]. A detailed graph with broadband 

subscriptions per technology for the OECD countries can be seen in Figure 2.2. 
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It is obvious that there is huge room for further market penetration, especially in 

North America and Europe. For North America, 7.1 million FTTH connections 

had been established by March 2011 and 75% of small telecom operators plan 

to offer FTTH services in the coming years [44]. The Asia-Pacific region 

represents 75% of total FTTH connections worldwide, with 58 million 

subscribers and impressive growth, 28% in 2011 [45]. PON deployments 

comprise 92% of connections. 

A closer look into Europe reveals that while there is significant growth, with 

a 28% increase in subscribers in 2011, the average take up rate (the number of 

subscribers acquired per number of homes passed in a deployment) is quite low, 

around 18% [46]. A possible explanation for the low take up rate is that there is 

not enough differentiation in FTTH service portfolios compared to cable/DSL 

besides higher broadband Internet speeds, as well as not specialized targeting to 

small businesses [47]. Another surprising finding is that the major countries 

(and economies) of Western Europe are at the bottom of the household 

penetration ranking, with France and Italy showing single-digit subscription 

ratio and Germany, UK and Spain being below 1%. The leading countries are 

the Nordic countries, as well as the countries that comprised the Eastern bloc. 

There are plans for extensive FTTH rollouts in Western Europe (e.g. in 

Germany by DT [48]), but it is forecasted that FTTH maturity (defined as at 

least 20% household penetration) will not happen until 2018 for France, 2020 

for Spain and 2022 or later for Germany, Italy and UK [49]. Regarding 

technology choices, PON deployments account for 30% of the total, but its 

share is constantly rising [46], as the economic advantages of PON over PtP 

architectures are becoming apparent [11]. 

 

 

Figure 2.2 OECD Broadband data [43] 
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Concerning the make-up of the operators that deploy FTTH networks in 

Europe, they can be split into three categories [46]. One is the traditional, 

formerly state-owned national telecom operators, known as the incumbents. 

They typically own the legacy copper-based access network and may have 

made considerable investments in xDSL technologies. For the latter, this is 

especially the case in Western Europe, which may explain why FTTH 

penetration is low in this region. These large operators account for 33% of the 

homes connected with FTTH and they tend to plan large-scale, nation-wide 

deployments. The second category is the new companies that have entered the 

market after the dismantling of the state monopolies and are collectively known 

as the alternative operators. These companies tend to favor FTTH deployments, 

since in most cases they do not own legacy copper-based subscriber loops, or 

these are limited in certain regions. For this reason, they tend to be the more 

dynamic players in the FTTH market, with national or regional deployments, 

and control 55% of the connections. One particular subcategory of the 

alternative operators is the cable operators companies, which own cable TV 

networks, which are increasingly penetrated by fiber. The remaining 13% of 

homes are connected through municipal and utilities’ set-up companies, which 

form the third category. They are the more numerous category and they are 

focused on local deployments. Since they are not traditional telecom operators 

with extensive technical operations and personnel, they tend to favor the 

simplest technical solutions, usually PtP networks. 

The significant room for green-field (in the sense of non-existent legacy 

optical distribution network) FTTH deployments, especially in Western Europe 

and North America, means that telecom operators that intend to get involved in 

rollouts there have the opportunity to take advantage of the experience 

accumulated in already mature FTTH markets and copy best practices, such as 

revenue models. It is also an opportunity for research to build on already 

successful techniques (e.g. TDM-PONs) and propose PON architectures and 

modulation schemes that can offer long-term scalability, in terms of bit rate, 

number of users served and distance covered, while maintaining cost-efficiency, 

which is crucial for access networks. 

2.3 Requirements for NG-PONs and proposed solutions 

2.3.1 Traffic analysis and operators’ demands 

The traffic carried over IP networks increases exponentially and the zettabyte 

threshold will be reached in 2016, when Cisco estimates that it will reach 1.3 

zettabytes per year, or 109.5 exabytes per month [50]. In more understandable 

terms, traffic of this size means that the equivalent of all movies ever made will 
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be transferred through IP networks in just three minutes. Part of the increase in 

the traffic is caused by an increase in the number of connected devices, which is 

expected to reach three times the number of the human population by 2016. 

According to the same forecast by Cisco, video traffic will comprise more than 

half of all consumer Internet traffic (54% precisely), and if video in the form of 

Peer-to-Peer (P2P) file sharing is included, the percentage skyrockets to 86%. 

The global consumer Internet traffic forecast for the period 2011-2016, which is 

expected to exhibit 29% Compound Annual Growth Rate (CAGR), is shown in 

Figure 2.3. Web and data traffic will likely remain a sizeable part of the traffic, 

while VoIP and on-line gaming will not comprise a significant portion of the 

overall traffic. It is the switch to more bandwidth-demanding applications, such 

as HD video, that fuels the high observed annual growth. It is estimated that HD 

VoD traffic has already surpassed standard VoD traffic by the end of 2011. In 

business-generated traffic, it is forecasted that video-conferencing will have 

grown six times by 2016. It is obvious from the above that high-quality video 

will be the driver for more capacity in the core and access networks. 

Another important finding from the forecast is that there is no sign of the 

traffic patterns becoming more symmetric. Users consume significantly more 

video content than they produce. Real-time upstream video (e.g. video-chatting) 

is not so bandwidth demanding, whereas video uploading (e.g. in YouTube) is 

not real-time and therefore does not require high peak bit rates. The implication 

for optical access network design is that the downstream and upstream bit rates 

can be asymmetric, as it has been typically the case so far in access networks, 

which relaxes the requirements for the upstream channel and simplifies the 

ONU. A trend that is not well documented in the Cisco forecast is cloud 

computing. The Software as a Service (SaaS) concept means that software 

applications are not installed and run locally, but are run in data centers and the 

inputs and outputs need to transferred over the network [51]. Google has 

already released a laptop series that is almost entirely cloud-based, including the 

operating system [52]. On-line gaming may also move into the cloud. Up to 

now, only the actions of the players needed to be sent from and to the gaming 

servers, which represent a very small fraction of the total traffic (Figure 2.3). If 

the game graphics need to be produced in the data center and then transferred to 

the end users, the traffic will increase substantially in the downstream direction 

and can become one of the dominant traffic sources [50]. 
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Figure 2.3 Internet traffic forecast, 2011-2016 [50] 

To evaluate the required capacity of future optical access networks, an 

estimation of the bandwidth requirements of the services that are expected to be 

more popular is important. Some indicative figures for the bandwidth 

requirements of typical applications in access networks are shown in Table 1, 

based on [53], [54]. The 3D versions of the TV formats require around two 

times the bit rate of the normal version, if only two views of each frame are 

transmitted. This arrangement means that viewers need special glasses, which 

might not prove popular with end users. Techniques that enable 3D viewing 

without glasses exist, but they are dependent on the viewing angle. To alleviate 

this problem, different views of each frame need to be sent, therefore it is 

expected that 3D Standard-Definition TV (SDTV) and 3D HDTV will require 

significantly higher bit rates than the 2D versions. For the Ultra High-Definition 

TV (UHDTV) formats, bandwidth requirements are not very clear yet, but some 

lower bounds can be estimated. From Table 1, it can be seen that, barring the 

3D and UHDTV formats, a high-speed DSL connection (probably based on the 

latest standard, VDSL2) is sufficient for the applications listed. However, if a 

number of these services are required at the same time, e.g. in a household two 

HDTV channels are on and on-line gaming or multimedia surfing takes place, it 

is apparent that Quality of Service (QoS) will suffer. In order to accommodate 

multiple streaming of HDTV and 3D TV more than 100 Mb/s will be required 

and according to some reports more than 250 Mb/s will be needed after 2015 in 

the downstream [55]. Operators may also require to include mobile backhauling 
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of wireless signals based on 4G technologies to base stations from the CO, in 

order to minimize their expenses and consolidate their network [56]. Besides 

already established applications, such as video, file sharing and gaming, new, 

unforeseen services are expected to arise, once more bandwidth is available. 

The major network operators, through FSAN, consider as a goal of Next-

Generation PONs (NG-PONs) a splitting ratio of at least 64 users, with a goal of 

more than 1024, if WDM stacking is implemented [56]. To provide the 

increased bit rates required to the users, the system bit rate must also be 

increased, with the stated goal being 40 Gb/s. Regarding reach, with a purely 

passive ODN it should be at least 40 km. Reach Extenders (REs), providing 

optical amplification in the field, can be used if even longer reach (≥100 km) is 

desired. The increased reach and PON size can enable consolidation of the 

access sites of the network operators, typically COs. This can reduce the Capital 

Expenditure (CAPEX) and OPEX of the operators and simplify the network 

management [56]. On the other hand, costs associated with increased fiber 

lengths and more expensive technology used to provide the required reach and 

capacity tend to offset some of the cost reductions gained from the node 

consolidation, so a careful planning and design of the network is important [57]. 

The power consumption in access networks is also becoming a major point, 

both for concerns regarding the OPEX of the operators, as well as concerns 

regarding greenhouse gases emissions and it must be taken into account in the 

evaluation of proposed future PONs. A further important point for operators is 

the reuse of existing infrastructure and the coexistence of NG-PONs with legacy 

PONs (e.g. GPON deployments). The re-use of the existing ODN would be 

preferred by operators. In case the RN needs to be updated (e.g. by installing 

optical amplifiers), the feeder fiber may be re-used. As far as coexistence with 

legacy PONs is concerned, the availability of optical spectrum is the main issue. 

The RF video overlay filter in GPONs, for example, occupies a significant part 

of the C-band, where fiber loss is low and Erbium-Doped Fiber Amplifiers 

(EDFAs) can be used to extend the signal reach. For that reason, coexistence is 

preferable only if it does not lead to compromises in the main requirements of 

the NG-PON system design. Another requirement that should be considered in 

the design of future PONs is spectral flexibility, which amounts to the 

possibility of adding wavelengths in order to increase capacity in the PON, as 

well as support different customer types (consumers, business, mobile 

backhauling) and take advantage of wavelength bands that might be freed from 

legacy PONs, in case of coexistence. Finally, the resilience of the network must 

be addressed, for example by adding a second feeder fiber that connects a 

second OLT to the RN, by employing full PON duplication (two OLTs, feeder 

and distribution fiber segments are connected to each ONU) or by employing 

duplication only in the OLT and feeder fiber [11]. 
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Table 1 Downstream bandwidth requirements for future access networks 

Service Bandwidth 

SDTV 5 Mb/s 

HDTV 6-13 Mb/s 

UHDTV >180 Mb/s 

3D SDTV 30 Mb/s 

3D HDTV 100 Mb/s 

3D UHDTV >300 Mb/s 

Gaming 10 Mb/s 

Multimedia surfing/ file sharing 8 Mb/s 

Video-conferencing 3 Mb/s 

Home-working 4 Mb/s 

VoIP 110 kb/s 

 

2.3.2 Proposed technologies for NG-PONs 

WDM-PONs 

 

To accommodate the requirements that have been put forth by network 

operators, a wide range of network architectures and modulation formats have 

been examined and proposed. WDM-PONs have been extensively researched, 

since they offer logical point-to-point connections, utilize low-speed 

components and remove the need for bandwidth assignment protocols. On the 

downside, typically colored components are required in the ONU and port 

densities in the CO can be quite high. Moreover, there is no statistical 

multiplexing gain, as is the case in TDM-PONs. A number of solutions have 

been put forward to remove the need for colored components. Firstly, a tunable 

laser can be used in the ONU [58], but this is not a low-cost option for the time 

being. A second option is to provide unmodulated carriers from the CO [59] or 

remodulate the downstream signal [60]. In this option, Reflective 

Semiconductor Optical Amplifiers (RSOAs) are typically used. However, the 

reach, splitting ratio and bit rate in such systems are limited due to a number of 

reasons. The most important for configurations with unmodulated carriers is 

Rayleigh backscattering, which occurs when some power from the carrier is 

scattered in the fiber and transmitted back to the CO, where it interferes with the 

modulated upstream signal. In addition, reflections of the carrier in connectors 

or splices in the transmission path have the same effect, reflecting power back 

to the CO. These issues can be overcome, if a dual feeder fiber scheme is used, 
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where the downstream and upstream signals are transmitted over different 

fibers, but this adds costs and is not preferred by operators. In systems based on 

remodulation, the residual modulation that survives in the upstream signal 

results in a decrease of the extinction ratio and incurs power penalty.  

Furthermore, scaling the PON size can be problematic, due to the limited 

number of available Coarse WDM wavelengths, unless DWDM-grade 

components are utilized, which are costly. In [61], a WDM-PON that provides 

100 Gb/s to each user over 120 km by multiplexing four 25 Gb/s OOK signals 

modulated by RSOAs is proposed, with CW carriers provided centrally, optical 

amplification in the RN and electronic equalization in the CO. The extensive 

equalization employed (both feed-forward and decision-feedback schemes) that 

allowed error-free detection at this very high bit rate was possible by high-speed 

sampling (50 Gsa/s). Rayleigh backscattering was avoided by using dual feeder 

fiber configuration, while no downstream channel was present. Due to the need 

of four wavelengths per user, however, only ten users can be accommodated, 

which means it is targeted towards long-term PON evolution. Another approach 

utilizes coherent detection, which enables frequency selectivity by means of a 

tunable local oscillator and achieves superior sensitivity, making long-reach 

PONs without reach extenders possible [62], [63]. Also, ultra-dense wavelength 

spacing is possible, due to the inherent wavelength-selective nature of a 

coherent receiver with a tunable local oscillator. While such a scheme has very 

good performance and the flexibility it offers has been recognized since the 

early years of optical access research [64], coherent receivers require tunable 

External Cavity Laser (ECL), 90
0
 hybrid, balanced detectors, Analog-to-Digital 

Converters (ADCs) and extensive DSP. Such receivers have been recently 

developed for long-haul networks, but due to their complexity they are not 

expected to be cost-efficient enough for access applications in the near future. 

Proposals have been put forward that simplify the transmitter [65] and receiver 

[66], but high-power ECLs and novel electro-optical functionalities are 

required, respectively. 

 

WDM-TDM-PONs 

 

WDM-TDM hybrid PONs stack a number of wavelengths, each of which 

serves a separate TDM-PON, usually operating at 10 Gb/s [67], [68]. This 

allows PON sizes numbering in the thousands of users without increasing the 

distribution loss linearly with the number of users. Typically, such systems tend 

to have high splitting ratios, large number of wavelengths and high reach, so 

that they can enable a reduction of the number of required COs. If flexible 

allocation schemes of the available wavelengths are implemented, statistical 

multiplexing gain and thus a more effective throughput per user can be achieved 
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( [20], [28], [30]). Furthermore, the cost of reach extenders and additional 

wavelength-selective components in the field are shared by more users, 

improving cost-efficiency. 10 Gb/s transceivers specified in the PON standards 

can be utilized. On the other hand, the problem of wavelength selectivity in the 

ONU appears again, as in WDM-PONs. Another issue is that as the splitting 

ratio goes up and the system bit rate remains 10 Gb/s, the available bandwidth 

for each user decreases and new, demanding applications (such as 3D TV) 

cannot be offered. Therefore, while such networks are suitable for achieving 

node consolidation and metro-access convergence, an upgrade of the bit rate is 

necessary in order to provide the services discussed in the previous section. 

 

High-speed TDM-PONs 

 

Considerable research effort has been also directed towards increasing the 

line rate of the TDM-PON to higher than 10 Gb/s, typically 40 Gb/s. The most 

straightforward way would be to employ 40 Gb/s OOK, but there are significant 

technical and cost challenges (need for 40 Gb/s burst-mode receiver if 

symmetrical bit rates are required, expensive 40 GHz electronics and photonics, 

receiver sensitivity issues) that make it unfeasible for access. 26 Gb/s OOK 

transmission has been demonstrated with cost-efficient RSOAs, using electronic 

equalization to compensate for the limited bandwidth of the device (3.2 GHz) 

[69]. Such a scheme, however, requires in-line amplification due to the low 

receiver sensitivity that is achieved and very high speed ADCs, at least 50 Gs/s, 

which cannot be easily justified in access networks. 26 Gb/s transmission over 

40 km with duobinary modulation has been shown in [70]. Duobinary 

modulation, with its reduced bandwidth, allows the use of low-speed receivers 

(7 GHz bandwidth) and increases the dispersion tolerance of the signal. A 

sensitivity of -22 dBm (at 10
-3

) was measured, which combined with high input 

power (+10 dBm) allows a power budget of 32 dB. If 40 Gb/s transmission is 

required, an 11 GHz receiver can be used. A power penalty due to reduced 

dispersion tolerance will decrease the available power budget in that case, 

however. One solution is to provide 40 Gb/s through four multiplexed 10 Gb/s 

OOK signals in different wavelengths [71], [72]. This is a relatively simple 

configuration, but requires colored components in the ONU. Additionally, this 

configuration makes inefficient use of the available spectrum, since it greatly 

reduces the scalability of the PON by means of wavelength stacking, as it has 

been discussed previously. 
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OFDM-PONs 

 

OFDM-PONs are an interesting option for NG-PONs, as it has been 

explained in Section 2.1.6, as OFDM allows efficient spectrum utilization and 

fine granularity in bandwidth allocation among the users. As a consequence, 

several OFDM-PON configurations have been proposed. An extensive review 

of research efforts in this field can be found in [17]. Some notable results 

include a demonstration of 108 Gb/s downstream transmission with POLMUX 

and direct detection [73], 108 Gb/s upstream transmission on a single 

polarization with coherent detection in the CO and centralized CW carrier 

provision [74] and the realization of a real-time OFDM transmitter [75]. Despite 

the impressive bit rates achieved, certain issues arise when considering OFDM-

PONs. For the downstream channel, if a low-cost direct detection scheme is 

implemented in the ONU, transmission is limited by the achievable Optical 

Signal-to-Noise Ratio (OSNR), resulting in limited receiver sensitivity and 

therefore in low splitting ratios. The sensitivity can be significantly enhanced if 

coherent detection is employed. In that case, however, the complexity of the 

receiver will be similar with the one required in coherent WDM-PON in terms 

of components. Taking into account that in the OFDM case the receiver needs 

to operate on the system symbol rate, the cost is prohibitive in access networks 

for the short term, as discussed earlier. For both cases, another important 

consideration is the required DSP. The most computationally intensive task in 

the OFDM receiver is the calculation of the Fast Fourier Transform (FFT), as 

well as the frequency-domain equalization. When real-time implementations are 

explored, trade-offs regarding achievable throughput, resource utilization and 

power consumption need to be considered [17]. For the upstream channel, 

additional challenges are created due to the decorrelation of the optical carriers 

from the different ONUs. This decorrelation will result into several carrier-

carrier beating terms in the photodiode, overwhelming the receiver. This 

problem can be avoided if WDM techniques are employed or by carrier 

suppression and coherent detection in the CO. The introduction of WDM will 

complicate the system design, since colorless operation will have to be achieved 

to ensure cost-efficient operation. On the other hand, the introduction of 

coherent detection in the OLT is a more feasible solution, since the increased 

cost of the coherent receiver is shared among the entire PON. The frequency 

shift that creates the decorrelation of the carriers also affects the subcarriers, 

meaning a guard band in the form of empty subcarriers need to be implemented 

to ensure that ICI does not degrade the system performance. However, the 

inclusion of guard bands reduces the spectral efficiency of the system and limits 

the total number of ONUs that can be served in a single-wavelength OFDM-

PON. Another issue is the power consumption of such high-speed, DSP-
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intensive transceivers, both in the OLT and the ONUs. For the reasons 

mentioned above, it appears that OFDM-PONs may not be the ultimate 

candidate for Next-Generation PON deployments. 

 

From the above discussion, it is evident that while WDM-PON can offer 

logical point-to-point connections and simple network management, there is no 

consensus about the way to achieve colorless operation, which is crucial to the 

commercial success of this scheme. OFDM-PON, on the other hand, can 

provide high bit rates with a reduced bandwidth, but the transceiver 

implementation can be quite complex and a significant overhead is required, in 

the form of guard bands, when a large number of users need to accommodated. 

Hybrid WDM-TDM techniques can be cost-effective, but make inefficient use 

of the spectrum if the bit rate per wavelength is kept at 10 Gb/s, although 

dynamically reconfigurable architectures can offer a solution, as already 

discussed. Finally, scaling the bit rate using OOK leads to limited sensitivity 

and potentially complex receivers. A TDM-PON configuration that can increase 

the bit rate without requiring unreasonable complexity, therefore, can be an 

attractive candidate for NG-PONs, if sufficient power budget can be achieved. 

Optical multilevel modulation formats are proposed in this thesis as a way to 

achieve cost-efficient scaling of line rates, as they can increase the system bit 

rate without requiring very high speed components and without sacrificing the 

receiver sensitivity. Thus, very high-speed TDM-PONs with long reach and 

high splitting ratios enabling the reduction of the number of COs can be 

realized. 

2.4 Summary 

In this Chapter, an overview of optical access network techniques was given. 

The basic FTTH architectures were explained and the evolution of FTTH 

deployments, projects and standards was presented. An estimation of the main 

system parameters of future PONs based on analysis of traffic patterns and 

requirements set forth by network operators was then made. Finally, the 

proposed solutions for NG-PONs were presented and the motivation for a 

transmission technology that can achieve high line rates with high sensitivity 

and manageable complexity was established. 



 

Chapter 3 Multilevel Modulation 

Formats 

 

 

 
In this Chapter, the concept of multilevel modulation is introduced and the 

main theory explained. The two detection methods for multilevel formats in 

optical systems are then discussed and compared. A review of the literature of 

advanced modulation in optical access networks follows. Then, the four 

modulation formats, D8PSK and three flavors of differential 16QAM that are 

the focus of this thesis are introduced and extensively discussed. Finally, a 

study regarding the feasibility of implementing such advanced modulation 

formats in access networks is presented. 

3.1 Theory of multilevel modulation 

Optical multilevel modulation formats are proposed in this thesis as a way to 

achieve cost-efficient scaling of line rates in optical access networks. Multilevel 

modulation increases spectral efficiency by transmitting one of M symbols from 

a specified alphabet, sending log2M bits during each symbol transmission 

period. If frequency shifting is not preferable (as it is usually the case in optical 

communications, since multiple laser sources or fast wavelength tuning would 

be required), multilevel modulation can be achieved by transmitting amplitude-, 

phase- or combined amplitude-phase modulated formats. Due to their 

simplicity, multilevel amplitude-modulated formats, called Amplitude-Shift 

Keying (ASK) or Pulse Amplitude Modulation (PAM), were the first that were 

examined [76]. M-ary Phase-Shift Keying (M-PSK) was proposed in 1959 [77] 

and combined M-ary Amplitude Phase-Shift Keying (M-APSK) one year later 

[78]. ASK modulation is one-dimensional, taking only real values, so it does not 

take advantage of the signal space afforded by means of complex modulation. 

This results in suboptimal minimum Euclidean distance between the symbols of 

the ASK and therefore suboptimal transmission performance. On the other 
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hand, PSK and APSK are two-dimensional modulation formats. The signal 

bandpass waveform for M-PSK signals can be described as follows [79]: 
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where g(t) is the transmitted pulse shape, fc is the carrier frequency and 

2
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 is the symbol phase. The discrete baseband representation of the 

complex PSK signal is: 
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where ,k PSKs is the sample at the optimum decision instant of 0( )PSK Ss t kT , A 

is the constant amplitude of the signal and
k its phase at instant k. For APSK, 

the corresponding expressions are: 
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where ( ), ( )I QA t A t are the information-bearing amplitude components of the 

APSK signal. 

Both PSK and APSK can achieve superior performance (in terms of channel 

capacity and error probability) compared to ASK. When a modulation format 

with an alphabet size of M>2 is examined, the issue of the optimal distribution 

of the symbols in the signal space arises. Optimality is generally understood as 

achieving the lowest bit error probability in the presence of Additive White 

Gaussian Noise (AWGN) under an average power constraint [80]. It should be 

noted, however, that in optical communication systems noise is not in general 

Gaussian [81], [82]. For PSK, the optimal distribution is straightforward, since 

the only degree of freedom is the phase of the signal and all the symbols must 

lie in a circle in the signal space. Therefore, the best arrangement is to place the 

M possible symbols in such a way that they are equidistant, with a phase 
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distance of 2 / M . The constellation diagrams for QPSK and 8PSK are shown 

in Figure 3.1. For APSK modulation formats, the optimal allocation is not 

trivial to calculate. Typically, in practical implementations of communication 

systems, modulation formats in which the signal points are located in concentric 

rings or occupy vertices of rectangular lattices, and therefore exhibit “special” 

geometric character with a high degree of symmetry, are used. Highly 

symmetrical modulation formats can be analytically evaluated, in terms of error 

probability as a function of noise, and can be more easily generated, detected 

and decoded. Optimal constellation shapes for a number of alphabet sizes M 

have been found numerically in [80]; however they are in general not 

symmetric. In the same study it has been shown that modulation formats with 

rectangular constellation diagrams, usually referred to as Quadrature Amplitude 

Modulation (QAM), have only 0.5 dB penalty compared to the optimal 

constellations. Indeed, QAM formats have been very popular in electrical 

communication (wireline and wireless) and are heavily researched for very-

high-speed optical communication links. The constellation diagrams of 16 and 

32 QAM can be seen in Figure 3.2. There are however cases where the APSK 

constellations based on concentric rings are preferable, as they lend themselves 

easier to differential detection and are more robust to nonlinearities. Notable 

examples are optical links when differential detection is implemented, as it will 

be shown later, or satellite channels, which exhibit nonlinearities [83]. Three 

examples of such constellation diagrams, 2ASK-4PSK, 2ASK-8PSK and 

4ASK-4PSK, are shown in Figure 3.3. 

The transceiver structure is also a function of the modulation formats. ASK is 

the simplest modulation format in terms of transceiver complexity. A single 

upconverter (typically an amplitude modulator in optical systems) is required at 

the transmitter side, while a single envelope detector is sufficient for the 

detection of the transmitted information. In optical systems, the envelope 

detector is a photodiode. Since the SNR requirements of ASK signals as M 

becomes larger increase rapidly, as they do not take advantage of the quadrature 

dimension of the signal space, PSK and APSK modulation formats are usually 

employed to achieve constellation sizes M>4. This increased robustness to 

noise that allows higher spectral efficiency comes at a price of more 

complicated transceivers. In the transmitter side, there are two general 

configurations, the quadrature and the AM-PM. In the quadrature transmitter, 

the baseband signals ( ), ( )I QA t A t  from Eq. (3.4) are upconverted to the carrier 

frequency with a 90
0
 phase shift relative to each other and then are combined to 

create the bandpass signal. In the AM-PM transmitter, the amplitude and the 

phase modulation is applied to the carrier independently, typically implemented 

by modulators cascaded in series. Naturally, if pure phase modulation is 
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required, the amplitude component can be omitted. In the case of (A)PSK 

signals, simple envelope detectors cannot be utilized, since the phase 

information cannot be recovered by this type of detectors. A phase reference 

needs to be provided in the receiver to enable correct detection. A suitable 

phase reference can be provided by a local oscillator (LO) or by the incoming 

signal itself, when appropriately delayed. The former case is called coherent 

detection, while the latter is referred to as incoherent, noncoherent, self-

coherent, or differential detection. In coherent detection, if the local oscillator is 

at the same frequency as the carrier of the transmitted signal, the receiver is 

called homodyne and the detected signal will be baseband. If the frequency of 

the LO is unequal to the carrier frequency, the detected signal will be bandpass, 

with a carrier frequency equal to |fLO-fc,| called Intermediate Frequency (IF). 

Such a coherent receiver is referred to as a heterodyne receiver. The 

implications of coherent and incoherent detection in the context of optical 

communication systems will be extensively discussed in the next Section. 

 

 

Figure 3.1 Constellation diagrams (a) QPSK (b) 8PSK 

 

 

Figure 3.2 Constellation diagrams (a) 16QAM (b) 32QAM 
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Figure 3.3 Constellation diagrams (a) 2ASK-4PSK (b) 2ASK-8PSK (c) 4ASK-4PSK 

3.2 Coherent and incoherent detection 

3.2.1 Principle of coherent detection 

As mentioned in the previous Section, coherent receivers utilize a local 

oscillator as a means to provide an absolute phase reference for the received 

signal. Coherent receivers have been researched extensively in modern optical 

communication systems ( [84], [85], [86]). The downconversion of the signal 

from the optical carrier to the baseband or IF is achieved by means of a 90
0
 

hybrid and photodetectors. A typical configuration of a single-polarization 

coherent receiver is depicted in Figure 3.4. The 90
0
 hybrid is a 2x4 device that 

consists of linear dividers and combiners interconnected in such a way that four 

different vectorial additions of a reference signal (LO) and the signal to be 

detected are obtained. Such a device can be fabricated using all-fiber [87], free 

space optics [88] or planar waveguides technologies [89]. Hybrids based on 

planar waveguides can be advantageous, since they allow the development of 

coherent receivers based on photonic integrated circuits, which can reduce the 

associated size and packaging costs [90]. Such integrated hybrid designs can be 

implemented using 2x4 Multi-Mode Interference couplers (MMI). In general, 

the outputs of the hybrid as a function of the input signals S and LO are: 
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If polarization multiplexing is used to double the capacity of the system, the 

incoming signal and the LO have to be first split with Polarization Beam 

Splitter (PBS) into to the orthogonal polarization states x and y. Then, two 2x4 

90
0
 hybrids are used, one for each polarization. The PBS can be implemented 

before the hybrids, or can be part of the hybrid design, resulting into 2x8, dual 

polarization 90
0
 hybrids. 

 

 

Figure 3.4 Coherent receiver, single-polarization 

After the 90
0
 hybrid, the actual detection of the optical signal takes place. 

Electrical post-amplification using TIAs is optional. This can be done in three 

configurations: single, balanced and DSP-balanced detection. In the single 

detection case, two photodiodes are connected to the outputs E1 and E3 of the 

90
0
 hybrid (or E2 and E4, equivalently). The squaring function of the photodiode 

will produce two currents, for the in-phase and the quadrature component 

respectively, that will be (not taking noise into account): 
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The first two terms in the RHS of Eq. (3.6) are DC terms that do not contain 

any information and are filtered out by a DC block after the photodiode or in the 

digital domain. The third term contains the downconverted signal. The notation 

contains also an IF component, which represents the general case. Even if the 

LO has the same nominal wavelength with the carrier of the received signal, in 

practice there will be a frequency shift. Such a receiver is called intradyne. The 

IF can be avoided only if the laser used as the LO is also the one that is used in 
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the transmitter. Such a configuration is not possible in metro or core networks, 

but can happen in coherent-based access networks, where CW sources for the 

LO can be centrally provided by the OLT. This scheme would typically require 

reflective modulators in the ONU. 

For the balanced schemes, all the outputs of the hybrid are detected. When 

balanced detection is implemented, the currents from the second and the fourth 

photodiodes are subtracted from the currents of the first and the third, 

respectively. This can be done on the photonic chip itself, e.g. by connecting 

every two photodiodes in series, or it can be achieved by means of a differential 

TIA. In the DSP-balanced case, all four currents are forwarded to the next part 

of the receiver for further processing. The resulting four signals, plus the 

balanced signals, are the following: 
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The balanced detection scheme, as it can be seen in Eq. (3.7), has the 

advantage of discarding the DC terms directly. More importantly, it cancels out 

the Relative Intensity Noise (RIN) of the LO and offers a higher dynamic range 

[90]. On the other hand, the balanced detection scheme can be sensitive to 

timing delays, amplitude imbalances between the signals and responsitivity 

imbalance between the photodiodes. These problems are easily overcome if the 

receiver is realized in a Photonic Integrated Circuit (PIC), where signal paths 

are short and easily controllable, achieving superior balancing of the signal 

powers [90]. When DSP-balanced detection is implemented, all the detected 

electrical signals are sampled and balanced in the digital domain. Regarding the 

performance of DSP-balanced detection, it is in theory the same as in the typical 

balanced detection. However, due to the limited resolution of the ADCs, there is 

some degradation in the performance in practical implementations. 

The third and final part of the coherent receiver consists of the ADCs and the 

DSP part, which samples the signal from the analog to the digital domain, 
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where suitable signal processing takes place. This part represents a significant 

departure from the coherent optical systems widely researched during the 

1980’s and 1990’s, which were based on analog electronics. The main 

motivation then was to take advantage of the higher sensitivity afforded by 

coherent detection compared to direct-detection receivers in order to increase 

the span of the long-haul links. Those early systems relied on Optical Phase-

Locked Loops (OPLL) to perform homodyne detection, or on electrical PLLs 

and LO locking, if heterodyne detection was preferred. In both cases, frequency 

control of the LO laser was necessary. These requirements resulted in complex 

receiver structures, so the advent of EDFAs meant that they were sidelined in 

the research towards faster optical fiber links. The situation changed when high-

speed ADCs and DSP chips became available, meaning that (O)PLL, frequency 

and polarization control were no longer necessary. These functions, as well as 

impairment mitigation, can take place in the digital domain [84]. The 

motivation for this next generation of coherent systems is to exploit the spectral 

efficiency of multilevel modulation formats and to enable polarization 

demultiplexing and mitigation of impairments on the electronic domain. 

Furthermore, wavelength-selective receivers are made possible by using a 

tunable laser as a LO. 

The ADCs perform the sampling and the quantization that transfers the 

detected signals from the analog to the digital domain. Then, the digital signal 

passes through a number of DSP subsystems, each performing specific tasks. 

An exhaustive table can be seen in Figure 3.5, taken from [91], including also 

possible feedback paths between the subsystems. The first module is 

responsible for de-skew and orthonormalization, compensating for path 

mismatches and amplitude imbalances between the in-phase and quadrature 

components of the signal, as well as non-idealities in the phase of the 90
0
 

hybrid. The next subsystem performs the static channel equalization. Chromatic 

dispersion, which does not change over time (if the transmission path is not 

altered), is compensated in this module. Directly after the static equalization, 

dynamic equalization takes place. Here, time-varying impairments are 

compensated, such as the state of polarization and Polarization Mode 

Dispersion (PMD). The next subsystem is interpolation and timing recovery. In 

this module, the timing error during sampling is determined and corrected. The 

frequency estimation subsystem follows, where the frequency offset between 

the incoming signal and the local oscillator is calculated and removed. The 

remaining phase offset is computed in the following module, called carrier 

phase estimation. At the output of this module, the received constellation 

diagram has been rotated to its correct position and all the impairments have 

been mitigated. Then, the last subsystem performs the estimation of the received 

symbol and decodes it to the corresponding bit stream. Typically, a number of 
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algorithms have been proposed for the implementation of each of the 

aforementioned subsystems, with most of them being adapted from previous 

work in wireless communications (e.g. frequency and carrier recovery). The 

structure of the DSP subsystems can naturally change as research in the area 

progresses. For example, FFT algorithms will be required if OFDM systems are 

to be developed. However, the main functionalities are not expected to differ 

substantially [91]. 

 

 

Figure 3.5 DSP subsystems of a coherent receiver [91] 

Based on digital coherent receivers, transmission experiments that have 

pushed the limits on spectral efficiency and channel capacity have been 

performed. 1024-QAM, encoding 10 bits per symbol, has been demonstrated 

with POLMUX, achieving 60 Gb/s with just 3 Gsym/s [92], using a laser with  

a linewidth of 4 kHz. Other efforts have focused on increasing the bit rate and 
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the reach of the multilevel-based link. For example, 448 Gb/s transmission with 

16QAM and POLMUX has been shown over 1200 km [93] and transmission of 

77 WDM channels with 16QAM and POLMUX over 2400 km has been shown, 

resulting in 15.4 Tb/s total bit rate [94]. Furthermore, commercial transponders 

operating at 100 Gb/s with QPSK-POLMUX and digital coherent receivers are 

being offered by a number of companies [95]. 

3.2.2 Principle of incoherent detection 

The second detection scheme that can recover two-dimensional modulation 

formats is called incoherent or differential. In such a receiver, there is no 

absolute phase reference available. The phase reference is provided by the 

received signal itself, delayed by one symbol period, by beating it with the 

incoming signal. This means that the information that is available in the receiver 

is only the phase difference between two consecutive symbols. This implies that 

the transmitted symbol itself cannot be recovered in the receiver; therefore the 

transmitted data must be encoded in the phase difference between the symbols. 

If there is also an amplitude component in the modulated signal, it is typically 

detected by a single, separate photodiode. The two most widely used 

implementations of incoherent receivers are based on a 90
0
 hybrid, as the one 

described in the previous section, with a 3 dB splitter and a delay line to create 

the delayed signal, or on two asymmetric Mach-Zehnder Delay Interferometers 

(MZDIs). Both configurations are shown in Figure 3.6. The nature of 

differential detection means that if knowing the amplitude of the signal is 

necessary for detection (e.g.in APSK formats), an extra photodiode must be 

used. Again, single, balanced or DSP-balanced detection schemes can be 

utilized. It must be noted that in a differential receiver, digital signal processing 

is not generally necessary, since there is no frequency offset or random phase 

rotation. Depending on the modulation format and the encoding operation, a 

simple threshold detector or simple analog processing can allow the decoding of 

the received data. To see how this possible, consider the outputs of the 90
0
 

hybrid or the MZDIs, which are the same: 
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Figure 3.6 Incoherent receiver configurations (a) 90
0
 hybrid (b) MZDI 
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Then, considering the case of balanced detection, the resulting currents will 

be: 
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Compared to the coherent receiver, it can be seen that the IF term is absent, 

since there is no frequency offset. Moreover, no phase shift due to the phase of 

the LO is present. That means that there is no need for frequency and carrier 

phase estimation in the receiver. Essentially, the phase difference between the 

symbols is translated to amplitude information, which can be directly used for 

data decoding. Additionally, no need for polarization control is required. 

Therefore, a completely analog receiver can be implemented (depending on the 

differential coding and the modulation format). This simplicity is the main 

reason that differential modulation formats were the first to be exploited in the 

race towards increased spectral efficiency [96]. 

Regarding the possible detection schemes, it has been shown that the 

balanced (and therefore DSP-balanced) configuration has a 3 dB advantage, 

compared to single detection, for DQPSK and generally pure phase-modulated 

signals [97]. If DSP-balanced detection is implemented, some degradation due 

to the limited ADC resolution is again expected. An interesting phenomenon 

arises when the received constellation diagrams of phase-modulated signals 

with single detection are examined. It is reminded that in single detection only 

two photodiodes are used for the detection of the phase-modulated signals, one 

photodiode per MZDI or one photodiode in each of the even outputs of the 90
0
 

hybrid, compared to the full receiver shown in Figure 3.6. Although the 

detected eyes are similar, with only amplitude difference, if the detected DPSK 

signal is sampled and its constellation diagram is produced, it can be seen that 

the noise distribution is no longer Gaussian, but certain patterns appear. Two 

DQPSK eyes, from the in-phase component, with balanced and single detection 

simulated in the VPI software package are shown in Figure 3.7, with no 

discernible difference aside some increased noise in the single-balanced case. 

An increased jitter is also visible, but since sampling is performed in the middle 

of the symbol period, it should not affect the constellation diagram. The 

respective constellation diagrams are shown in Figure 3.8. It can be seen that 
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strange patterns destroy the symmetry of the constellation diagram. The bottom 

and left points appear to be corrupted by noise only in the in-phase and the 

quadrature dimension, respectively. On the other hand, the top and right 

symbols are exhibiting noise in the amplitude direction. This phenomenon is not 

limited to DQPSK; the same effect is observable in D8PSK simulated 

constellation diagrams, shown in Figure 3.9. Experimental data have confirmed 

the simulation results. Two experimental constellation diagrams of DQPSK and 

D8PSK, which are shown in Figure 3.10, exhibit the same effect. 

 

 

Figure 3.7 VPI DQPSK eyes (a) Balanced detection (b) Single detection 

 

 

Figure 3.8 VPI DQPSK constellation diagrams (a) Balanced detection (b) Single 

detection 

 

Figure 3.9 VPI D8PSK constellation diagrams (a) Balanced detection (b) Single 

detection 
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Figure 3.10 Experimental constellation diagrams (a) DQPSK (b) D8PSK 

This patterning effect observed in Figure 3.10 can be explained by taking a 

closer look at the equations of the differential detection, when noise is also 

included in the analysis. Eq. (3.8) can be rewritten as: 
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After detection, the resulting photo current for output 1 will be: 
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(3.11) 

 

The signal has four DC terms, the squares of the amplitudes of the symbols 

and noise at moments t and t-T, the term containing the differential phase, four 

terms containing the signal-noise beating terms and a term with the noise-noise 

beating. Following the same analysis and ignoring the DC terms, as they are 

constant, and the square of the noise amplitude and the noise-noise beating, due 
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to their extremely small amplitude, the photo currents of all outputs of the 

demodulator are: 
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The noise-signal beating terms can be expanded using the Cartesian form (using 

subscripts re and im to denote the real and imaginary part, respectively) and for 

simplicity can be labeled n_nsb1...4, for I and Q: 
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Using the above formulation, the noise components in the detected photo 

currents will be: 
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As it can be seen from Eq. (3.13), the noise components are dependent on the 

real and imaginary part of the transmitted symbols at moments t and t-T. 

Furthermore, each of the M phases of the differentially detected symbol puts a 

specific constraint on the possible phases of the last two transmitted symbols. 

Therefore, under certain conditions, patterning effects arise in the differential 

noise distribution. Depending on the phase of the differential symbol, the noise 

distribution can be non-Gaussian. In Eq. (3.14), this patterning effect is 

observed between the noise components _ 1 ( ), _ 3 ( )I In nsb t n nsb t and

_ 1 ( ), _ 3 ( )Q Qn nsb t n nsb t . To examine this patterning effect, a DPSK 

transmission and detection model was developed in Matlab. The detected DPSK 

signal could be loaded with any of the noise components of Eq. (3.13), so their 

individual contribution to the constellation diagram could be evaluated. The 

D8PSK constellation diagrams (after single detection), when the added noise 

comes exclusively from _ 3 ( ), _ 3 ( )I Qn nsb t n nsb t  and when the

_ 1 ( ), _ 1 ( )I Qn nsb t n nsb t components are also included, are shown in Figure 

3.11a and b, respectively. In the first case, noise is clearly Gaussian, while in 

the second case the patterning effect appears. In balanced detection, the



Multilevel Modulation Formats 41 

 

_ 1 ( ), _ 1 ( )I Qn nsb t n nsb t noise components are cancelled out, so the patterning 

effect disappears. From the above analysis and experimental data, it can be seen 

that single detection is not an attractive option for differential modulation 

formats when digital receivers are utilized, as it distorts the constellation 

diagram and degrades performance. 

 

 

Figure 3.11 Simulated D8PSK constellation diagrams (a) _ 3 ( ), _ 3 ( )I Qn nsb t n nsb t

(b) _ 3 ( ), _ 3 ( )I Qn nsb t n nsb t  and _ 1 ( ), _ 1 ( )I Qn nsb t n nsb t  

After detection, signal processing may be necessary, depending on the 

modulation format. For DPSK, stand-alone or combined with ASK modulation, 

no further processing is necessary, as data can be recovered from the signals 

produced by the Balanced Photo Detectors (BPDs) by simple thresholders. For 

the amplitude component, if any, binary or multilevel thresholders are required, 

depending on the order of the ASK modulation. For other, non-symmetric 

modulation formats, as those based on square constellation diagrams, data can 

be recovered only through means of digital processing. That naturally requires 

ADCs and DSP, similar to the digital coherent receiver described in the 

previous Section. Such a receiver, combining incoherent detection with DSP is 

called digital incoherent (or self-coherent) receiver. 

A digital incoherent receiver enables similar functionalities as the digital 

coherent receiver. Static and dynamic channel equalization (CD and PMD 

compensation), polarization demultiplexing and nonlinear phase noise 

compensation are possible with this receiver [98]. However, higher ADC 

resolution is required in the incoherent case [98]. Compared to the DSP 

subsystems of a coherent receiver, illustrated in Figure 3.5, the digital 

incoherent receiver can discard the frequency and carrier phase estimation 

algorithms, simplifying the DSP, while retaining the impairment mitigation 

functionalities, if required by the application. Although more complicated, and 



42 3.2   Coherent and incoherent detection 

 

thus more costly, and with increased power consumption in the electronic 

domain than conventional incoherent receivers, the digital incoherent receiver 

can reduce complexity in the optical domain, by removing dispersion 

management in the optical links and need for polarization control. Dispersion 

compensation is becoming important in access networks, as bit rates and system 

reach are expected to increase. Furthermore, it can function as a flexible 

receiver- if coupled with a flexible transmitter- capable of receiving a multitude 

of differential modulation formats. This versatility can be beneficial, as the 

optical link can adapt in real time to traffic demand fluctuations and power 

consumption can be optimized by moving to lower order modulation formats 

and shutting down parts of the receiver, when bandwidth demand is low, e.g. 

during nighttime. For example, the amplitude detection modules can be 

switched off, if due to lower traffic D8PSK signals are transmitted, instead of 

Star 16QAM. If bandwidth demand lowers even more, binary DPSK may be 

employed, which can allow the switch-off of one BPD and ADC, as well as of 

the error-correcting electronics (as a result of the much higher sensitivity of 

DPSK). 

Such an approach necessitates a physical layer-aware MAC protocol, which 

can take into account the modulation order and the link condition, as well as 

traffic and power consumption conditions, to provide the best possible Quality 

of Service and OPEX. Adaptive modulation has been exploited for similar 

purposes in wireless networks [99] and more recently in OFDM-PONs [100]. 

The dynamic bandwidth assignment algorithms typically used in TDM-PONs 

have to be suitably adapted to take advantage of the extra degree of freedom, 

but such work is beyond the scope of this thesis. 

It can be seen, therefore, that the digital incoherent receiver can extend the 

functionalities of conventional incoherent receivers and become an attractive 

candidate for application areas where high spectral efficiency and electronic 

impairment mitigation with reasonable receiver complexity are required. 

3.2.3 Comparison of coherent and incoherent detection 

Coherent and incoherent detection methods have been extensively discussed 

in the previous Sections, with focus on the digital processing-based 

implementations of each. Both detection methods enable high spectral 

efficiency modulation formats with electronic compensation of linear and 

nonlinear impairments. Regarding hardware complexity, coherent receivers 

require a local oscillator, which can make integration of the complete receiver 

difficult and expensive. This is especially the case when high-order modulation 

formats are used, which require low-linewidth lasers such as ECLs. ECLs are 

also not preferable when cost-efficiency is of primary concern, such as in access 
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networks. Additionally, differential modulation formats are less sensitive to 

laser phase noise [81]; the differential beating in the receiver cancels out part of 

the phase noise, as it does not change so much over a symbol period. Incoherent 

receivers are also simpler in terms of DSP, as already mentioned, as they do not 

require frequency and carrier and phase recovery. 

On the other hand, if modulation formats with amplitude components are to 

be detected, an extra photodiode and ADC may be required in incoherent 

receivers. Moreover, the symbol rate of incoherent receivers cannot be easily 

tuned, as it is equal to the delay line of the MZDIs or 90
0
 hybrid, although some 

integrated tunable differential receivers have been proposed [101], [102]. More 

importantly, incoherent detection exhibits a 3 dB OSNR penalty compared to 

the coherent case, as its phase reference is a symbol corrupted by noise. This 

noise is uncorrelated with the noise of the current symbol, if suitably filtered 

[97], but has the same variance, doubling the total noise degradation. However, 

if multiple symbol phase estimation algorithms are implemented in incoherent 

receivers, this power penalty can be reduced [98]. These algorithms utilize a 

number of detected symbols to create an improved phase reference for each 

incoming symbol. In theory, such algorithms can approach the coherent 

detection performance, but error propagation, Inter-Symbol Interference (ISI) 

and other impairments reduce their effectiveness somewhat [81]. Furthermore, 

local oscillators in coherent receivers act as “noiseless” amplifiers, giving 

further advantage in terms of sensitivity as a function of the received power. 

Finally, impairment compensation is easier in coherent receivers, as the optical 

field is linearly mapped in the electronic domain. For incoherent receivers, it is 

the differential optical field that is mapped in the electronic domain, so the 

original field has to be reconstructed before the impairment mitigation [98]. 

From the above, it can be inferred that in application areas where the highest 

performance possible is required, such as long haul transmission, coherent 

receivers are preferable. On the other hand, in domains where performance 

requirements are somewhat relaxed, digital incoherent receivers can provide 

increased spectral efficiency combined with DSP functionalities and superior 

cost-efficiency. Access networks are an example of an application area that 

could benefit from the strong points of digital incoherent receivers. 

3.3 Proposed PONs based on advanced modulation 

formats 

As the demand for higher offered bandwidth in ‘first-mile’ connections 

continues, as seen in Chapter 2, advanced modulation formats have been 

increasingly researched as an efficient way of scaling the system bit rate, as 
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they allow the operating bandwidth of the transceivers to remain relatively low. 

In coherent WDM-PONs the main motivation is to enable very tight spacing of 

wavelengths, in order to serve a high number of users. An overview of the 

proposed PONs based on advanced modulation formats is given in this Section. 

In this context, advanced modulation formats include modulation formats that 

encode at least two bits per symbol, regardless of detection method (coherent, 

incoherent or direct detection). The research on advanced modulation formats in 

access networks can be broadly divided in the following categories: advanced 

modulation in coherent WDM-PONs, PAM-based PONs with direct detection 

and advanced modulation in OCDMA- and OFDM-PONs. 

3.3.1 Coherent WDM-PONs 

Advanced modulation formats have been used in proposed coherent WDM-

PONs to increase the bit rate while keeping the signal bandwidth low, enabling 

very dense wavelength spacing. BPSK and QPSK on both downstream and 

upstream were transmitted in [63] at 311 Gb/s and 1.244 Gb/s, respectively, 

achieving a power budget of 50 dB for the BPSK case. The upstream signal is 

created by an SOA-based phase modulator, while a tunable narrow-linewidth 

laser acts as a local oscillator and CW source for the upstream channel. All 

these components, including the coherent receiver, are combined through hybrid 

integration. Bidirectional transmission of QPSK at 10 Gb/s, with polarization 

multiplexing, has been demonstrated in [62]. Error-free transmission over 100 

km of SMF has been achieved, with power budgets in excess of 45 dB. ECLs 

are used in both the OLT and the ONU as CW sources and nested MZ 

modulators are used as the transmitters. Pre-amplification in the OLT was 

utilized for the upstream signals, while 5 GHz spacing is implemented between 

the channels. Other work has focused on the upstream channel, which is the 

most challenging in PON applications, since the transmitter needs to be cost-

effective. In [103], a 5 Gb/s QPSK signal is modulated using an RSOA and seed 

light provided from the OLT. Error-free transmission over 100 km of SMF is 

achieved with a receiver sensitivity of -40 dBm. Higher spectral efficiency is 

achieved in [104], with 8QAM upstream signal created by an RSOA-EAM 

(Electro-Absorption Modulator) transmitter. The signal bit rate is 3 Gb/s and 

error-free transmission is achieved over 100 km of SMF, with a receiver 

sensitivity of -34 dBm. The CW source is located in the ONU in this 

experiment. Summing up the literature review of advanced modulation formats 

in coherent PONs, it is obvious that very good receiver sensitivity, and therefore 

power budget, and dense wavelength spacing can be achieved. Also, significant 

effort has been devoted into simplifying the required components, with RSOA-

based transmitters being prominent in that respect. Complexity and cost, 
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however, remain the most significant issues in coherent PONs, since two 

transceivers are needed for every user. 

A different approach to coherent WDM-PONs is based on self-coherent 

detection in the ONU. This approach is used to eliminate phase noise, by 

transmitting a pilot carrier along with signal to act as a local oscillator in the 

ONU. In [105] 20 Gb/s QPSK transmission over 160 km of SMF with ASE 

light sources and self-homodyne detection is demonstrated. The pilot carrier is 

transmitted in the TM polarization and is rotated back to the TE state in the 

receiver. 

3.3.2 PAM-based PONs 

PAM modulation formats can provide increased spectral efficiency without 

increasing the complexity of the receiver in terms of optical components, 

requiring a single photodiode, something that can be exploited in access 

networks. In [106], an 11 Gb/s 4-PAM upstream signal is used as the upstream 

channel in a 20 km-long WDM-PON. The signal is modulated by an RSOA, 

with the seed light being provided by the OLT. After 20 km of transmission, the 

receiver sensitivity is found to be -12 dBm. In [107], 4-PAM signal is again 

used as the upstream signal, this time in TDM-PON context. The bit rate is 20 

Gb/s and the transmitter is based on an EAM. The CW source is located in the 

ONU. Error-free transmission with an APD-TIA receiver is achieved after 26.2 

km of SMF, with an observed sensitivity of around -17 dBm. From these 

experiments, the main disadvantage of PAM modulation, namely the low 

receiver sensitivity, is apparent. Especially for TDM-PONs, the limited 

sensitivity can severely constrain the achievable bit rate and splitting ratio of the 

system. 

3.3.3 OCDMA-PONs 

Advanced modulation formats have also been researched in the context of 

OCDMA-PONs. In particular, DQPSK is examined in [108] with polarization 

multiplexing and spectral phase encoding (SPE), with 0.87 bits/s/Hz spectral 

efficiency and total system bit rate of 10 Gb/s achieved. For eight users, the 

observed receiver sensitivity at 10
-9

 is around -23 dBm. A theoretical study of 

DPSK and DQPSK in OCDMA-PONs is carried out in [109]. It is shown that 

differential formats reduce MAI noise in OCDMA systems, which occurs from 

the detection of interfering signals from other PON users, as discussed in 

Section 2.1.5. Furthermore, DQPSK increases spectral efficiency, which results 

in more users being accommodated. Finally, Pulse Position Modulation (PPM), 

which encodes information in the temporal position of the pulse within the 

symbol period, has been proposed as a way to increase spectral efficiency. A 
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four-level PPM OCDMA system with an incoherent Virtual Quadrature 

Receiver (VQR) operating at 1.24416 Gb/s has been demonstrated in [110]. A 

receiver sensitivity of -23 dBm at 10
-9

 is obtained, with 1 dB power penalty due 

to MAI. Despite the advantage offered by multilevel modulation in OCDMA-

PONs, the overall complexity of this multiple-access scheme means that it is not 

considered especially attractive for commercial deployments. 

3.3.4 OFDM-PONs 

OFDM-PON has attracted increasing attention as a potential candidate for 

Next-Generation PONs, as already discussed in Section 2.3.2. In OFDM, data is 

modulated over a number of subcarriers, which are orthogonal to each other. As 

it is also the case in electrical OFDM systems (both wireless and wireline), the 

subcarriers are modulated with multilevel formats, to increase the bit rate of the 

signal. The literature on OFDM-PONs is extensive and cannot be exhaustively 

presented in this work. A very good review of the OFDM-PON research can be 

found in [17]. Here, some notable results will be presented, as a continuation of 

the discussion in Section 2.3.2. In terms of spectral efficiency, 128QAM 

subcarrier modulation has been demonstrated in [111]. 21 Gb/s downstream 

transmission is shown with direct detection and 10 GHz EAM as a transmitter. 

Receiver sensitivity is found to be -10 dBm. In terms of absolute capacity 

afforded, 1.92 Tb/s WDM-OFDM-PON has been presented in [18]. 40 

wavelengths are utilized and coherent detection with ECLs is used both in OLT 

and ONUs. Transmission over 100 km and 1:64 split is achieved, with receiver 

sensitivity for the downstream channel of -9 dBm. An OFDMA-based PON 

designed to offer wireline-wireless convergence is examined in [21]. An 

architecture that enables mobile, xDSL and legacy TDM-PON backhauling, in 

addition to the OFDM downstream and upstream channels, is proposed. Such 

architecture allows node consolidation, which can reduce CAPEX and OPEX, 

as well as power consumption. In the physical layer aspects, adaptive 

modulation is proposed, with subcarriers with higher SNR using higher-order 

formats, while direct detection is advocated in the ONUs. Research efforts have 

been also focused in cost-efficient implementation of OFDM transceivers. In 

[112], a real-time transceiver based on Vertical Cavity Surface-Emitting Laser 

(VCSEL) and direct detection has been demonstrated. Using 64QAM, 11.25 

Gb/s downstream transmission is achieved over 25 km of SMF, with receiver 

sensitivity of -9 dBm. A DML-based transmitter with direct detection is shown 

in [113]. Cyclic prefix is not used in this experiment, its function is substituted 

by joint frequency and time domain equalization. For the downstream signal, 

transmission over 65 km of SMF with receiver sensitivity of -11 dBm is 

achieved. The bit rate is 10 Gb/s, enabled by 16QAM subcarrier modulation.  
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Summing up, OFDM-PONs can achieve very high spectral efficiency and 

capacity, when coherent detection is implemented on the receiver side. 

However, a full digital coherent receiver operating at high speeds (>10 Gb/s) is 

not currently economically feasible in access networks. When direct detection is 

used, simple receivers (in terms of optical hardware) are possible. On the other 

hand, the reduced receiver sensitivity means that significant limitations remain 

in terms of achievable reach and splitting ratios. 

 

Reviewing the prior work on advanced modulation formats, it is evident that 

there is a gap in the proposed solutions for very high-speed future PONs. On the 

one hand, coherent OFDM can achieve transmission rates as high as 100 Gb/s 

per wavelength, combined with significant reach and splitting ratio. A coherent 

receiver operating at these high speeds, with a low-linewidth laser, is necessary 

however. On the other hand, direct-detection OFDM and PAM-based PONs 

enable more cost-efficient transceivers, at the cost of substantially reduced 

performance. Modulation formats and detection methods that can find a better 

balance in the performance-complexity trade-off curve can therefore be 

attractive for Next-Generation PONs. Optical multilevel modulation formats 

with differential detection, such as the ones presented in the following Section, 

can potentially achieve the required balance. 

3.4 D8PSK and Differential QAM nodulation formats 

3.4.1 D8PSK 

D8PSK encodes three bits in the phase difference between two consecutive 

symbols, which belong to the set {0, / 4,...( 1) / 4},j
Me 

     , where M=8 in 

this case. The resulting constellation diagram is shown in Figure 3.12a. The 

encoding amounts to multiplying the symbol that is to be communicated to the 

receiver at moment k, ka , with the transmitted symbol at moment k-1, 1ks  : 

 

1k k ks a s    (3.15) 
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Figure 3.12 Constellation diagrams (a) D8PSK (b) Star 16QAM 

Optical D8PSK with incoherent detection was first demonstrated in 2005, at a 

bit rate of 30 Gb/s ( [114], [115]). 60 Gb/s was achieved with polarization 

multiplexing in [116], in 2007. Finally, by moving to 40 Gsym/s, 120 Gb/s 

D8PSK transmission was shown in 2011 [117]. With these experiments, error-

free transmission of D8PSK without Forward Error Correction (FEC) over 

hundreds of kilometers has been achieved, showing the format’s potential for 

enhancing spectral efficiency in access and metro networks. Three bits per 

symbol can also be encoded by combining DQPSK with binary ASK. It has 

been demonstrated experimentally that DQPSK-ASK requires 2 dB less OSNR 

for error-free transmission (BER of 10
-3

) for distances shorter than 400 km 

[118]. On the other hand, DQPSK-ASK requires a receiver that can also detect 

the amplitude of the received signal, increasing complexity and power 

consumption while not offering higher spectral efficiency. 

In the experiments mentioned above, binary-driven transmitters were used. 

With this approach, complexity is kept at a minimum in the electrical domain 

(only binary driving signals are required), but the optical part is complicated, 

requiring one modulator per bit. There are two main configurations used for 

binary-driven transmitters: the serial and the parallel-serial configuration. The 

first approach was used in [116], while the rest of the aforementioned 

experiments utilized the parallel-serial configuration. For both configurations, 

the serial data to be transmitted are differentially coded and demultiplexed to 

create the parallel driving bit streams. In the parallel-serial configuration a 

nested Mach-Zehnder modulator structure with a π/2 phase shift in the lower 

optical path (shown in Figure 3.13a), known as an IQ modulator, creates the 

DQPSK signal. Cascaded after the parallel part, a phase modulator creates the 

45
0
 phase shift required for the generation of D8PSK signals. An amplitude 

component can be introduced by a further modulator, namely a Mach-Zehnder 

modulator, so Star 16QAM can be generated (discussed in the following 

Section). In the serial configuration, shown in Figure 3.13b, after the data is 



Multilevel Modulation Formats 49 

 

deserialized and encoded, they drive three phase modulators cascaded in series, 

creating an 8-level phase modulated signal. The first phase modulator, 

responsible for creating the binary DPSΚ signal (0 and π shift), can be replaced 

by an amplitude modulator, which is the approach followed in [116]. For Star 

16QAM, an amplitude modulator is added, also in series. The serial 

configuration is easier to control, since at most one DC bias is required (for pure 

D8PSK modulation), depending on whether the first modulator is a phase or an 

amplitude one, but the parallel-serial configuration is preferable, because it is 

more immune to the amplitude noise of the driving signals. In a phase 

modulator, the amplitude ripples of the driving signal translate into phase 

ripples in the optical signal, whereas in a Mach-Zehnder modulator this is not 

the case, due to its nonlinear transfer function [119]. 

 

Alternatively, the optical hardware of the transmitter can be significantly 

reduced if multilevel driving signals are used. In this case, only an IQ modulator 

is required. Such a transmitter is shown in Figure 3.14. This transmitter is DSP-

based; the data is processed in the digital domain and DACs transfer them in the 

analog domain. This transmitter is generic; all two-dimensional modulation 

formats can be generated, if the respective driving signals can be created. The 

signal processing required is the differential coding (Eq. (3.15)), but the 

availability of DSP allows more functionality to be implemented in the 

transmitter. Chromatic dispersion can be pre-compensated in the transmitter, 

reducing the need for receiver-side DSP [120]. Such CD pre-compensation can 

be applied to the data that are to be transmitted to each individual user 

independently, compensating for the specific link length. This is especially 

important in access networks, where complexity should be concentrated in the 

CO. Pre-distortion of the driving signals to compensate for the nonlinear 

transfer characteristic of the Mach-Zehnder modulators is also possible with 

DSP-based transmitters. This is crucial when multilevel signals are used, 

because if left uncompensated distortions will appear in the constellation 

diagram. Furthermore, software-defined transmitters can be implemented, 

where modulation formats and symbol rates can be switched in real time [121]. 

Combined with digital incoherent receivers, enhanced flexibility is possible in 

TDM-PONs, introducing granularity in the modulation order, on top of the 

time-domain granularity, as already discussed in Section 3.2.2. This is enabled 

by the fact that the switch between modulation formats only takes one clock 

cycle of the microprocessor [121]. This flexibility can allow real-time 

adaptation to traffic conditions in the PON. Another scenario could involve 

switching from high-order modulation (e.g. D8PSK) to more robust low-order 

formats (such as binary DPSK) for a certain user, if due to some fault the losses 

in the particular link become too high. 
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Figure 3.13 D8PSK/Star 16QAM binary transmitters (a) Parallel-serial (b) Serial 

 

 

Figure 3.14 DSP transmitter 
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As with the transmitters, a number of different configurations exist for a 

D8PSK differential receiver. Again, the trade-off is between complexity in the 

optical or the electrical domain. For binary detection schemes, M-DPSK 

formats require M/2 thresholds [122]. Translated to optical components, this 

requirement means that, for D8PSK, four MZDIs with phase shifts of

{3 / 8, / 8, / 8, 3 / 8}      and delay equal to one symbol period, each 

followed by BPD pairs are needed. Such a receiver is shown in Figure 3.15a. 

Although this receiver allows for a very simple decoding scheme, it is very 

complex, power-inefficient and difficult to control, mainly because of the four 

phase shifters. The optical part of the receiver can be reduced to two MZDIs 

and BPD pairs, shown in Figure 3.15b, if multilevel thresholding or analog 

electrical post-processing is employed ( [122], [123]). In a receiver employing 

multilevel thresholding, a decision on which of the four levels of the I and Q 

components of D8PSK is received is made after each MZDI. Combining both 

decisions, the received symbol can be decoded into the corresponding bits. 

Alternatively, binary thresholds can be used after each MZDI to recover one bit 

each, with the third bit being recovered by applying a logical operation (XOR) 

on linear combinations of the two detected electrical signals. It has been shown 

that multilevel thresholding degrades the BER performance of the receiver, so 

the analog processing-based receiver is preferable [124]. To accommodate a 

Star 16QAM signal, the receiver must include an intensity detection branch, 

which consists of a single photodiode, where part of the input signal is coupled. 

The high-speed analog processing can be removed if the digital incoherent 

receiver is introduced as in Section 3.2.2. In that case, the differential optical 

field is transferred in the digital domain, where the decoding of the received 

symbols takes place. Eq. (3.9) can be written in the discrete domain with the 

notation of Eq. (3.15), denoting as , ,,I k Q kr r the detected I and Q samples, as: 
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(3.16) 

 

From Eq. (3.16), it is apparent that the encoding is cancelled out and the 

original information symbol can be recovered in the receiver. 
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Figure 3.15 Analog D8PSK/Star 16QAM receivers (a) binary (b) multilevel 

3.4.2 Star 16QAM 

Star 16QAM, also referred to as 2ASK-8DPSK or 16 Amplitude Differential 

Phase-Shift Keying (16ADPSK), is an extension of D8SPK, where one bit is 

encoded in the amplitude of the signal, while three bits are encoded in the phase 

difference between consecutive symbols, creating a constellation diagram 

consisting of two D8PSK rings. Transmission of four bits per symbol is 

achieved therefore. The constellation diagram is shown in Figure 3.12b. The 

differential coding in this case takes the form: 

 

1arg( ) arg( )

| | | |

k k k

k k

s a s

s a

 


 (3.17) 
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It should be noted that the amplitude bit can also be differentially encoded. 

An alternative way of combining ASK and DPSK formats to achieve four bits 

per symbol involves quaternary ASK (QASK) and DQPSK, creating a signal 

with four amplitude and four phase levels. It has been shown however, that Star 

16QAM has 1.4 dB OSNR advantage over QASK-DQPSK, while retaining the 

same receiver complexity [125]. It is, therefore, preferable over QASK-

DQPSK. 108 Gb/s transmission of Star 16QAM with polarization multiplexing 

over 80 km of dispersion-managed link has been shown in [126]. 

Star 16QAM, as an extension of D8PSK, can be generated by binary-driven 

D8PSK transmitters followed by amplitude modulators, as already discussed in 

Section 3.4.1. If a DSP-based transmitter is used, no modifications on the 

optical hardware are required. In [126], the parallel-serial configuration of 

Figure 3.13a was used, as it can generate higher quality signals compared to the 

serial configuration. Again, the DSP-based transceiver offers the same 

advantages as analyzed in the discussion for D8PSK transmitters. In the case of 

Star 16QAM, the simplification achieved is even higher, since the number of 

modulators required is reduced from four to two. 

At the receiver side, the receiver configurations of Figure 3.15 can be used, 

including the extra photodiode for the detection of the amplitude component. 

The beating of the two amplitude levels in the receiver creates a larger number 

of levels after balanced detection, which leads to eye closure and power penalty, 

compared to pure D8PSK detection [123]. Therefore, the digital incoherent 

receiver is preferable, taking also into account the enhanced functionality it can 

provide. To see how the original symbol
ka is recovered, Eq. (3.16) can be 

written for Star 16QAM detection as: 

 
* *
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* *
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 (3.18) 

 

Combining the amplitude information from the photodiode and recovering 

the differential phase from Eq. (3.18), the original symbol
ka can be 

reconstructed. From Eq. (3.18) it can also be seen that differential coding of the 

amplitude bit is also possible. The amplitude of the symbol, | |ka , can have two 

values, “high” and ”low”, which means that the product
1| | | |k ka a 

has three 

possible values: “high-high”, “high-low” and “low-low”, resulting into a 

constellation with three amplitude rings. Therefore, a coding scheme where for 

bit 0 the amplitude of 
ks remains unchanged in respect to 1ks  , while for 1 the 
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amplitude of the transmitted symbol changes, is possible. At the receiver, if the 

amplitude of the reconstructed symbol
kr is on the middle ring (“high-low” 

amplitude level), bit 1 is detected; otherwise, bit 0. Such an encoding method 

can simplify the receiver, removing the need for separate amplitude detection. 

On the other hand, it incurs a power penalty, since the noise of the amplitude 

component is doubled. For this reason, separate amplitude detection without 

differential coding is recommended. 

3.4.3 16QAM with phase pre-integration 

D8PSK and Star 16QAM are the simplest formats possible for signals of high 

spectral efficiency, in terms of signal generation and detection. A drawback, 

however, of these modulation formats is that they are not optimal in the sense of 

the minimum Euclidean distance between the symbols in the signal space. A 

more optimal packing of the symbols is achieved with square QAM 

constellations, which fall short 0.5 dB from the optimum arrangement, as it has 

already been discussed in Section 3.1. The problem with square QAM 

constellations is that they do not lend themselves easily to differential detection, 

because although the symbols in the inner and outer rings are evenly spaced 

(with π/4 spacing), the symbols in the intermediate ring are asymmetric in 

phase. That means that the reconstructed differential signal, after the differential 

receiver, will not be a 16QAM signal, even with more amplitude levels. To 

enable differential detection of square 16QAM, the transmitted and received 

signals must be suitably processed. Such a scheme has been first proposed in 

[127], in the context of wireless communications, and it has been successfully 

implemented in optical communications in [81], with error-free transmission at 

40 Gb/s achieved. The scheme is based on a technique called phase pre-

integration, which amounts to adding the phase component of the previous 

transmitted symbol to the phase of the current one, while keeping its amplitude 

unchanged: 

 

1| | exp( [arg( )])k k k ks a j a s   (3.19) 

 

The resulting signal will have three magnitude levels, like square 16QAM, 

but it will have almost continuous phase distribution, due to the accumulation of 

phase after every symbol (shown in Figure 3.16). In the receiver, the outputs of 

the BPDs are given by Eq. (3.18). After sampling and digitizing, the phase 

difference is estimated by computing the inverse tangent, with the two detected 

signals as arguments. The phase difference amounts to the phase of the original 
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symbol
k

a , before the phase pre-integration operation of Eq. (3.19). The 

separate photodiode produces an estimate of the amplitude of the signal. The 

two components (phase and amplitude) are combined and the original square 

16QAM constellation can be recovered. The aforementioned operations are 

illustrated by the following equations: 

 

, ,| | exp( arctan( , ))

| | exp( arctan(cos(arg( )),sin(arg( ))))

| | exp( arg( ))

k k I k Q k

k k k k

k k k k
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(3.20) 

 

Due to the required signal processing for the generation and the detection of 

the signal, only the generic, DSP-based transmitter and receiver described in the 

Section 3.4.1 can be used. 

 

 

Figure 3.16 Constellation diagram of 16QAM after phase pre-integration 

3.4.4 Coded 16QAM 

The square 16QAM constellation can be preserved during transmission if the 

transmitted signal can be encoded in such a way that the receiver can 

unambiguously recover the original symbol from the outputs of the BPDs. As it 

has already been shown, differential detection can be represented 

mathematically by the complex multiplication of two symbols. Also, the 

differential encoding of D8PSK, Star and phase pre-integration 16QAM is in 

essence a complex multiplication. If a function exists that can assign the 

complex multiplication of any two square 16QAM symbols to a square 16QAM 

symbol, the phase pre-integration encoding technique and the resulting non-

square constellation diagram of the transmitted 16QAM signal can be avoided. 

Likewise, the detected differential signal can be directly assigned to a square 
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16QAM symbol. This function, denoted F, is essentially a Look-Up Table 

(LUT) that can map unambiguously the product of two QAM symbols into a 

third QAM symbol. It has been shown that such a function as the one described 

exists for a rotated by 45
0
 16QAM signal set [128]. Note that the rotation of the 

constellation is necessary only during the signal processing. For transmission, 

the constellation can be rotated back to the conventional one, since a phase shift 

common in consecutive symbols is cancelled out by the differential detection 

process. 

A number of properties are required for the aforementioned group of complex 

numbers
kg

 
(the square 16QAM signal alphabet) and function F and they are 

detailed in [128]. Firstly, symmetry is defined for any complex u, with

[ ]u F u : 

 

* *
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Secondly, the property of closed set is defined; for every i and k there is an m 

over the set so that F is the identity: 
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Finally, it is required that operation F is associative and a multiplicative identity 

element , as well as an inverse element, exists in the set: 
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The encoding of the information symbol ka  in the transmitter can then be 

expressed as: 

 
1

1[ ( ) ]k k ks F a s 

  (3.24) 
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In the receiver, the combination of the real and imaginary components, ,
I Q

r r  

gives, as it has already been shown, the complex multiplication 1k ks s . If this 

product is input to the mapping function F, it follows by its properties that: 
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 (3.25) 

 

Thus, the original information symbol can be recovered from the differential 

constellation diagram (shown in Figure 3.17). The differential constellation, as a 

result of multiplication of two QAM constellations, does not have equidistant 

symbols. Note that in coded square 16QAM, a separate intensity branch is not 

necessary for the detection of the signal; the outputs of the BPDs contain 

sufficient information to recover the QAM symbol. On the other hand, a DSP-

based receiver is necessary, due to the need to implement a LUT to map the 

received differential signal set to the square QAM signal set. For the generation 

of the square 16QAM signal, any of the many configurations proposed in the 

literature can be used. An extensive review can be found in [129]. The most 

straightforward solution, and the one typically used in long haul, high-order 

QAM with coherent detection experiments, is the IQ modulator. Four-level 

driving signals are required in this case. Multilevel signals can be created 

directly by DSP, where also the encoding can take place. In this case, the 

transmitter is the one of Figure 3.14. Alternatively, four binary signals can be 

encoded by a discrete differential coder, as in D8PSK, and then can be 

electrically combined to create the two four-level signals that will drive the IQ 

modulator. This method of creating multilevel electrical signals, shown in 

Figure 3.18, is widely used in high-speed QAM experiments [130]. With this 

configuration, good driving signal quality can be achieved, but no DSP 

functionalities are possible in the transmitter side. 
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Figure 3.17 Constellation diagram of coded 16QAM after detection 

 

 

 

Figure 3.18 Binary 16QAM transmitter 

3.4.5 Feasibility of DSP-based transceivers in access networks 

An important issue for DSP-based transceivers is the availability, power 

consumption and ultimately cost of the DSP chipsets. Due to extensive efforts 

for the development of coherent, QPSK-POLMUX based 100 Gb/s 

transponders for long-haul applications, the state-of-the-art commercial DACs 

and ADCs have sample rates in excess of 50 GSa/s [17] (Figure 3.19). For 

access application, a ADC sampling rate of 20 GSa/s (up sampling by a factor 

of two for 10 GHz signals) that is required for the receiver side is well within 

current capabilities; even so for the transmitter, where no up sampling is require 
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and 10 Gsa/s DACs are enough for 10 GHz signals. High-speed ADCs are 

increasingly being demonstrated with CMOS technology allowing single-chip 

ADC and DSP solutions [131]. This configuration can enable lower power 

consumption, better yield compared to other approaches, e.g. SiGe ADCs and Si 

DSP, and of course the proven cost-efficiency benefits of CMOS technology 

[132]. CMOS Application-Specific Integrated Circuits’ (ASICs) costs are 

volume-driven, when based on mature technologies. Again, the relatively low 

speed of access applications (compared to long-haul) means no cutting-edge 

designs and exotic materials are required and the potentially large volumes 

suggest that ASICs for PONs fit well into this pricing model. 

An important factor that determines the development effort required for the 

ASIC, as well as its power consumption, is the complexity of the signal 

processing algorithms [133]. In that respect, incoherent detection has a clear 

advantage over coherent detection and OFDM. All DSP-based receivers share 

some common functions, such as de-skew, timing recovery, normalization and 

symbol estimation and decoding, as already discussed in Section 3.2.1. Besides 

these common elements, coherent receivers require frequency and phase 

recovery. CD compensation is also typically implemented. For OFDM 

receivers, the more computationally intensive task is the FFT. Other tasks 

involve removal of the Cyclic Prefix and frequency domain equalization. Apart 

from the common algorithms, incoherent receivers for D8PSK and Star 16QAM 

do not require any further DSP. QAM with phase pre-integration requires-

besides the common algorithms described above- the computation of the inverse 

tangent and the reconstruction of the amplitude and phase component of the 

signal. For the coded square QAM, an implementation of an LUT that maps the 

differential signal set to the original square QAM set is the only extra 

functionality needed. It is clear that the development effort and the power 

consumption, which is a significant part of operational costs, of the incoherent 

receivers can be kept at significantly lower levels compared to the other 

multilevel approaches. 
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Figure 3.19 ADCs and DACs sampling rates [17] 

3.5 Summary 

In this Chapter, the principle of multilevel modulation has been described and 

the relevant detection methods have been analyzed and compared. Prior work 

on multilevel formats in access networks has been reviewed, with the potential 

of high-speed differential multilevel formats to provide a favorable trade-off 

between performance and complexity identified. Four differential modulation 

formats that offer spectral efficiency of three and four bits per symbol have 

been presented, suitable transmitter and receiver configurations have been 

described and the relevant trade-offs have been discussed. These four 

modulation formats are selected and further explored through simulations and 

experimental work, which will be presented in the following Chapters. 

Moreover, the advantages of using DSP-based transceivers have been explained 

and their feasibility for implementation in access networks has been explored. 



 

Chapter 4  System Design and 

Modeling 

 

 

 
In this Chapter, the evaluation of phase pre-integration and, for the first time, 

coded square 16QAM in the context of TDM-PONs through simulation work is 

performed, based on the work published in [134], [135]. The PON architectures 

used in the simulations are presented and the results are shown and discussed. 

Furthermore, the sensitivity of these multilevel formats to transmitter and 

receiver imperfections is examined [136]. 

4.1 Access system design and simulations 

To evaluate the more sophisticated multilevel formats presented, 16QAM 

with phase pre-integration and coded 16QAM, a TDM-PON with the respective 

transceivers was modeled in VPI Optical Systems simulation software. With 

this approach, the fundamental performance of the modulation formats could be 

examined, since analytical formulation of the error probabilities is difficult, due 

to the unconventional constellation diagrams and nonlinear operations that take 

place in the receiver. 

4.1.1 16QAM with phase pre-integration simulations 

The TDM-PON model developed and used in the simulations for the 

evaluation of the phase pre-integrated 16QAM modulation format is shown in 

Figure 4.1 [134]. A symmetric configuration, with 10 Gb/s 16QAM signals for 

both downstream and upstream channels and identical transceivers in the CO 

and ONUs, is chosen. That way, the performance of the modulation formats can 

be examined for both downstream and upstream links. The low-linewidth (200 

kHz, as for the downstream signal) Continuous Wave (CW) light for the 

upstream channel is generated centrally in the CO and is distributed to the 

ONUs, spaced 3.2 nm away (1546.8 nm) from the downstream wavelength at 
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1550 nm. This alleviates the need for an expensive ECL in every ONU, utilizing 

a single source for the entire PON. WDM (de)multiplexers are included in the 

model, to accommodate the possibility of stacking a number of TDM-PONs on 

different wavelength pairs. In this configuration, both the downstream signal 

and the CW carrier for each PON pass through the same multiplexer port, which 

has a bandwidth of 7 nm. It was not possible to include, however, these WDM 

channels in the simulation, due to computational constraints of bidirectional 

propagation of WDM signals over the fiber model in VPI. A fiber length of 20 

km and splitting ratio of 32 users are assumed in the model. The amplification 

scheme of the PON is based on Semiconductor Optical Amplifiers (SOAs). The 

SOAs are located in the ONU, where they amplify the downstream signals, as 

well as the CW carrier, and in the CO, where they are used as pre-amplifiers for 

the upstream signal. Optical amplification is generally not preferable in the 

ONU, but SOAs can be integrated in the receiver design and thus do not 

introduce unreasonable complexity. For the transmitter and receiver modules, 

the DSP-based versions were implemented, since DSP is necessary with this 

coded modulation format, as already discussed. The main parameters of the 

implemented model are listed in Table 2. 

 
Table 2 Simulation parameters, phase pre-integration 16QAM 

Parameter Value 

Fiber length 20 km 

Splitter loss 15 dB 

SOAONU gain 26 dB 

SOACO gain 24 dB 

SOA noise figure 6 dB 

Filter bandwidth 0.1 nm 

DS/US (de)mux loss 3 dB 

WDM (de)mux bandwidth 7 nm 

WDM (de)mux loss 3 dB 

λDS 1550 nm 

λUS 1546.8 nm 

Pin, downstream channel -8.6 dBm 

Pin, CW carrier 0 dBm 

Pin, upstream channel -10.5 dBm 
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Figure 4.1 16QAM with phase pre-integration PON architecture 

Regarding the effects and impairments modeled, all linear and nonlinear 

optical impairments (dispersion, Rayleigh back scattering, Stimulated Brillouin 

and Raman Scattering) are included in the simulations. The fiber parameters 

used in the simulations are summarized in Table 3. The generation and 

sampling of the multilevel electrical signals is noise and jitter free, to keep 

focus on the ASE noise-limited regime. The required signal processing takes 

place in Matlab; through co-simulation interfaces, the coded driving signals are 

transferred to VPI and the detected signals from the receiver module in VPI are 

transferred back to Matlab for evaluation. 

 
Table 3 Fiber parameters in simulations 

Fiber Parameters Value 

Attenuation 0.2 dB/km 

Dispersion 16 ps/km/nm 

Dispersion slope 80 ps/km/ nm
2
 

PMD coefficient 0.0031 ps/m 

Effective core area 80 μm
2
 

 

Since the transmitter and the receiver were custom-made (not part of the VPI 

library), it was not possible to use the BER estimation tools of VPI and error 

counting leads to prohibitive simulation times. The approach followed was to 

use the Error Vector Magnitude (EVM) of the received signal as an estimation 

of its SNR, and use the SNR to obtain a BER value assuming a Gaussian 

distribution of the noise. In reality, the noise is not Gaussian, as it can be 

observed in the received constellation diagrams (Figure 4.2), but it affects more 

intensely the phase of the received signal. This is a common characteristic of all 

systems employing both interferometric and intensity detection. The differential 

phase component is corrupted by noise from two observation instances, 
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doubling its noise variance, while the amplitude component is affected by noise 

from a single instance. This non-Gaussian noise distribution leads to an 

underestimation of the error probability, if conventional, Euclidean boundary 

metrics are implemented. However, if non-Euclidean metrics for symbol 

detection are used, taking into account the increased noise in the phase 

direction, improved BER performance is achieved [81], justifying the 

approximation. 

EVM is defined as the root mean square of the error of every received 

symbol, normalized over the average power of all the symbols in the 

constellation [137]. EVM is calculated by the following formula: 
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(4.1) 

 

, ,,r n r nI Q are the in-phase and quadrature components of the nth received symbol 

and ,n nI Q are the in-phase and quadrature components of the nth symbol. The 

denominator in Eq. (4.1) is the average power of all the symbols of the QAM 

constellation, which normalizes the error metric. Knowing the EVM, the SNR 

of the detected signal can be estimated as [138]: 

 

2

1
SNR

EVM
 (4.2) 

 

Using this estimation of the SNR of the received signal (which has been 

experimentally verified in [137]), the BER is calculated from the analytical 

formulas for error probability given an AWGN channel in Matlab. 
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Figure 4.2 Simulated received constellation diagram, downstream 16QAM with phase 

pre-integration 

Having established the framework for the evaluation of 16QAM with phase 

pre-integration, the relevant performance metrics were obtained through 

extensive simulations. Firstly, the impact of laser phase noise on the BER of the 

modulation format was examined by tuning the linewidth of the CW laser of the 

transmitter. The power penalty as a function of the linewidth at a BER of 10
-11

 

is shown in Figure 4.3. It can be seen that there can be significant power penalty 

for linewidth values higher than 500 kHz. This is partly caused by the high 

order of the modulation, since 16QAM is much more tightly packed than 

QPSK, for example. A further reason for this sensitivity to phase noise is the 

low symbol rate in these simulations, which was 2.5 Gsym/s. Such a low 

symbol rate translates to long symbol periods, 400 ps in this case. This means 

that there is larger deviation of phase noise between symbols, since a Brownian 

motion model for the linewidth is assumed. This is a well-established fact in 

optical multilevel modulation literature [139], with the variance of the phase 

noise being proportional to the duration of the symbol, as it is shown in Eq. 

(4.3) ) ( f  is the laser linewidth). This formula implies that the power penalty 

will be reduced for higher symbol rates. Even for this bit rate, however, the 

requirements are not very strict and in line with similar coherent systems (250 

kHz linewidth induces 1 dB power penalty at BER of 10
-3

 and 2.5 Gsym/s rate 

for a coherent 16QAM system [140]). Since there is central provision of light 

sources in the proposed PON architecture, the need for an ECL does not add 

unreasonable complexity to the system. 

 

( ) 2T f T    (4.3) 

 

The second aspect of the system design that was investigated was the optimal 

power of the unmodulated carrier. As the upstream signal is more sensitive than 

the downstream, the carrier power was optimized for the upstream transmission. 
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A downstream input power of -8.6 dBm at the fiber (which corresponds to 3 

dBm laser output power) results in a BER for the downstream channel of 

around 10
-11

. An increase of the input power yields marginal BER improvement 

in this system configuration, so no further optimization was performed for the 

downstream channel. The upstream BER as a function of the carrier input 

power, with the aforementioned downstream input power value, is shown in 

Figure 4.4. The increase of the carrier power leads to improved BER for the 

upstream signal, until the nonlinear effects and Rayleigh back scattering start to 

degrade the signal at around 1.5 dBm input power. The lowest BER occurs for 0 

dBm input power and is
7

5 10


 , before FEC. 

 

 
 

Figure 4.3 Power penalty vs. linewidth 

 
 

Figure 4.4 BER of the upstream signal vs. 

carrier input power 

With the optimal input power for the unmodulated carrier found, the BER 

curves for the downstream and upstream channel for back-to-back and 20 km of 

fiber are shown in Figure 4.5. The receiver sensitivity for the downstream 

channel is around -39.5 dBm (at the FEC limit of 10
-3

) and the power penalty is 

negligible, as expected due to the low symbol rate and short fiber length. An 

error floor appears at a BER of around 10
-10

. The sensitivity of the upstream 

channel is quite close to the downstream, slightly lower than -39 dBm. For the 

upstream signal, however, there is larger power penalty due to fiber 

transmission and an error floor at 10
-7

 is evident. It is mainly caused by the 

nonlinear interactions in the fiber, with SPM and XPM being the most 

important, as the signal is phase-modulated, as well as from Rayleigh back 

scattering. Besides the penalty due to fiber transmission, a significant 

degradation of the performance for the upstream signal is observed, compared 

to the downstream. The reason for this degradation is the second amplifier that 

lies in the upstream path. Further simulations were performed in order to 

validate the sources of power penalties. The BER curves for the upstream 

channel after transmission over 20 km of fiber without nonlinear effects 

activated and with noiseless amplification in the CO are shown in Figure 4.6. 

The BER curve with both effects is also shown as a reference. It is evident that 
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the second amplifier is responsible for the difference between the upstream and 

the downstream channels’ performance. It is also clear that nonlinearities are 

the main cause for the small power penalty that is observed in the upstream 

channel for low BER values. However, even with these sensitivity degradations, 

error-free operation for the upstream signal can be achieved, as the BER can be 

well below the FEC limit, which is around 10
-3

, for an overhead of 7%. 

 

 

Figure 4.5 BER vs. received power, phase pre-integration 16QAM 

 

Figure 4.6 BER vs. received power, upstream channel under various conditions 

The simulation results indicate that the optical impairments to the multilevel 

signal encountered in a typical TDM-PON, an SOA-based amplification scheme 

and caused by laser sources (ASE noise, laser phase noise, dispersion, Rayleigh 

back scattering and nonlinear effects) do not limit the performance of the 

differential receiver. There is also significant margin for migration to 10 

Gsym/s (40 Gb/s) transmission, longer reach and higher splitting ratios. 

Simulations at 40 Gb/s were not pursued however, since this modulation format 
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could not be validated experimentally at that bit rate, due to the limited 

bandwidth of the available ADCs, as it will be explained in Chapter 5. Electrical 

noise sources, as well as other impairments in the electrical domain, such as the 

limited resolution of the DACs and ADCs or the nonlinearity of the drivers, will 

naturally incur a power penalty and will mean that FEC will be necessary for 

error-free transmission. However, it is expected that the increasing 

commercialization of optical multilevel transponders, spearheaded by 

deployments of coherent systems in core networks, will lead to the availability 

of high-performance electrical components for such applications that can keep 

the resulting power penalty to reasonable levels. 

4.1.2 Coded 16QAM 

A PON model for the evaluation of coded 16QAM has also been developed 

and can be seen in Figure 4.7 [135]. The same fiber parameters as in the phase 

pre-integration QAM model were used. The PON offers symmetric bandwidth, 

with simulations done for bit rates of 10 and 40 Gb/s, over 20 km of SSMF. The 

CW carrier is again provided by the CO, to keep the ONU source-free. The 

main difference with the network architecture of the pre-integration QAM 

simulations is that optical amplification is moved to the RN and the 

(de)multiplexers (for WDM stacking) are not included. Two EDFAs, one in the 

downstream and one in the upstream path, located before the splitter, amplify 

the downstream channel and the unmodulated carrier, and the upstream channel, 

respectively. Another EDFA is used as a pre-amplifier in the CO. The transfer 

of optical amplification in the RN further simplifies the ONU hardware and 

shares the cost among all the users, since the amplifiers are placed before the 

splitter. Since there is no need for integration in this amplification scheme, 

EDFAs, which have a lower noise figure (5 dB) than SOAs, are used. 

Moreover, by including amplification in the RN it can function as a Reach 

Extender and it can enable long-reach PONs. The DSP-based transmitter and 

receiver are used in the respective modules of the simulation model. Again, 

driving and detected signals are processed in Matlab. A more realistic modeling 

of the driving signals is implemented, including noise and filtering. It must be 

noted that this is the first time in any domain (wireline, wireless or optical) this 

coding scheme has been implemented and its performance examined. The main 

simulation parameters of the implemented coded 16QAM model are 

summarized in Table 4. 
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Figure 4.7 Coded 16QAM PON architecture 

 
Table 4 Simulation parameters, coded 16QAM 

Parameter Value 

Fiber length 20 km 

Splitter loss 15 dB 

EDFARN,DS gain 19.5 dB 

EDFARN,US gain 8 dB 

EDFACO gain 19 dB 

EDFA noise figure 5 dB 

Filter bandwidth 2 nm 

DS/US (de)mux loss 3 dB 

λDS 1550 nm 

λUS 1546.8 nm 

Pin, downstream channel -4 dBm 

Pin, CW carrier 0 dBm 

Pin, upstream channel -14 dBm 

 

A simulated received constellation diagram is presented in Figure 4.8. The 

differential beating of two square 16QAM signals creates a multitude of signal 

points in the receiver, which makes the theoretical calculation of the OSNR 

requirements of incoherent coded 16QAM difficult. The BER curves as a 

function of the OSNR for 10 and 40 Gb/s downstream and upstream 

transmission are shown in Figure 4.9 and Figure 4.10, respectively. The BER 

vs. OSNR curves were obtained in this case, instead of the BER vs. received 

power curves, because this modulation format has not been evaluated in the 

literature and it was not known if error-free transmission could be achieved (due 

to the close symbol spacing in the received constellation diagram) and what its 

performance over amplified links, as the one modeled in Figure 4.7, would be. 
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For the upstream case, coherent detection at the CO was also included in the 

simulations, for comparison. Carrier and phase recovery was implemented in 

the coherent receiver, using an algorithm provided in VPI, but no CD 

compensation was performed. In the CO, the receiver is shared by a number of 

users (32 in this case), so a more expensive solution can be justified. For 

incoherent receivers, BER was obtained by direct error-counting. For the 

coherent receivers, BER was estimated using VPI’s built-in tools. The linewidth 

of the lasers involved was 100 kHz and fiber input powers were 0 dBm for the 

carrier and -4 dBm for the downstream signal. The received power was -6 dBm 

(right before the receiver) for both channels. The results indicate that for the 

downstream channel, error-free (with FEC) transmission can be achieved for 

both 10 and 40 Gb/s. The receiver sensitivity is 20 and 24 dB OSNR, 

respectively. In the upstream channel, error-free incoherent detection is possible 

for 10 Gb/s, with a sensitivity of 20.5 dB, but for 40 Gb/s there could be no 

error-free operation within the OSNR limits of the amplification scheme. If 

coherent detection is used, error-free operation is possible for 10 and 40 Gb/s, 

with OSNR requirements of 19 and 22.5 dB, respectively. 

 

 

Figure 4.8 Simulated received constellation diagram, downstream coded 16QAM 

 

Figure 4.9 BER vs. OSNR, downstream coded 16QAM 
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Figure 4.10 BER vs. OSNR, upstream coded and coherent 16QAM 

The simulation results show that for the downstream channel, bit rates up to 

40 Gb/s should be possible. For the upstream channel, either an asymmetric bit 

rate of 10 Gb/s is to be accepted, or coherent receivers need to be employed. 

Regarding possible further degradations, the limited resolution of the DACs and 

ADCs and the nonlinearity of the driving amplifiers, which were not modeled in 

these simulations, will inevitably cause some power penalty compared to the 

simulation results. Extension to long-reach and high-splitting ratio architectures 

might be difficult, since that can potentially require an additional amplification 

stage, which will add more noise to the signals and further reduce the OSNR 

sensitivity. 

Compared to the experimental OSNR results of phase pre-integration 

16QAM in [81], coded 16QAM performs worse. For 40 Gb/s bit rate, there is 6 

dB penalty between the two modulation formats. More than half (3.5 dB) of the 

difference is a result of extra signal processing in the receiver in [81], namely 

multiple symbol phase estimation and nonlinear equalization. The remaining 

penalty can be attributed to the tighter signal spacing of the received 

constellation diagram of coded 16QAM, as well as to the absence of direct 

detection of the amplitude component of the signal. On the other hand, the 

reduced complexity of the optical hardware and required DSP of coded 16QAM 

is a strong point when regarding implementations in access networks. However, 

the need to provide solutions that can be scaled to high numbers of users and 

long fiber lengths means that phase pre-integration 16QAM is preferable. 

4.2 Transmitter and receiver imperfections 

The simulation results presented in this Chapter assumed that the transmitter 

and receiver components were operating at the optimal points and no 

imperfections were present. In practice, deviations from optimal conditions and 
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imperfections are always present, especially in complex structures such as 

multilevel differential transceivers. It is, therefore, important to estimate the 

robustness of a proposed modulation format against these impairments. The 

effect of non-ideal operating conditions of the transmitter is shown with the 

coded 16AM format, while receiver imperfections are studied with phase pre-

integrated 16QAM. 

4.2.1 Transmitter imperfections 

The main parameters in the transmitter are the voltage swing of the driving 

signals and the orthogonality between the in-phase and quadrature components. 

The transfer function of a Mach-Zehnder modulator is shown in Figure 4.11. 

The bias point is the minimum (in terms of power) transmission point. Ideally, a 

driving signal would have a voltage swing of 2 V , where V is the voltage 

required to create a  phase shift in the optical signal. In this case, the 

maximum optical signal power, as well as separation of signal points, is 

achieved. Furthermore, the flat, nonlinear characteristic of the transfer function 

close to the maximum and minimum transmission of electrical field offers noise 

suppression. The effect of reduced driving voltage can be seen in Figure 4.12a, 

where an electrical signal with a swing of (2 / 3) 2 V


 is used. Compared to the 

constellation diagram of Figure 4.8, increased noise and distortion of the 

positions of some points in the signal space can be discerned. 

The second significant impairment that can take place in the IQ modulator 

concerns the imbalance between in-phase and quadrature components. If the 

relative phase between them is not 90
0
, the received signal can get severely 

distorted. To illustrate this point, a constellation diagram where a 10
0
 imbalance 

between I and Q, on top of the reduced driving voltage, is simulated is shown in 

Figure 4.12b. Severe distortion is evident, indicating significant degradation of 

the signal’s EVM. 

From the above discussion, it is obvious that good transmitter operating 

conditions are critical for the performance of differential multilevel modulation 

formats. This is even more the case, since the aforementioned impairments 

cannot be compensated in the digital domain, due to the differential detection 

process in the receiver.  Fortunately, large deviations from the ideal conditions 

can be avoided. LowV  MZ modulators are available, meaning that close to

2 V driving voltages are possible with commercial, high-performance 

amplifiers. The orthogonality of the I and Q components can be maintained 

through analog feedback control loops in the IQ modulator. Therefore, 

degradation of the signal quality due to transmitter imperfections can be kept at 

a minimum. 
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Figure 4.11 MZ modulator transfer function 

 

 

Figure 4.12 Simulated constellation diagrams, coded 16QAM (a) 2/3 driving voltage (b) 

2/3 driving voltage and 10
0
 quadrature imbalance 

4.2.2 Receiver imperfections 

The generic, MZDI-based receiver of Figure 3.6b is considered for the 

analysis of this Section. To introduce the imperfections that will be examined, 

the detected photo currents of the differential receiver can be rewritten as 

follows. If the received phase pre-integrated 16QAM signal is denoted as
( )

( ) ( )
j t

r t n te 
 , the outputs of the balanced photo detectors are: 
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1 2,K K  are the responsitivities of the balanced photo detectors and
1 2,   are the 

phase deviations from the optimal phase shifts of the MZDIs. For 1,2 0o  , the 

output currents are proportional to cos ,sin   , where   is the phase 

difference between the current and the previously received symbol. Using these 

two metrics, the inverse tangent is computed and an estimation of the phase 

difference is produced, which is an estimation of the phase of the original QAM 

symbol, before the pre-integration operation. Since amplitude estimation is also 

available, from the single photodiode, the transmitted symbol can be 

reconstructed at the receiver. 

Three receiver impairments are studied: a) an unbalanced Mach-Zehnder 

delay interferometer, b) the phase detuning of the MZDI and c) the amplitude 

imbalance of the balanced photo detectors. The unbalanced MZDI impairment 

is defined as the deviation of the coupling factor of the two outputs of the MZDI 

from the ideal value (0.5), resulting in uneven optical powers reaching the 

BPDs. The phase detuning of the MZI is a non-ideal phase shift in one of the 

MZDI, where 1,2 0   in Eq. (4.4). This detuning can be particularly detrimental 

on the signal BER, as it leads to a rotated constellation diagram. Finally, the 

amplitude imbalance of the outputs of the BPD pairs results from a 

mismatching of their responsitivities, 
1 2,K K , expressed as: 

 

1 2

1 2

K K
R

K K





 (4.5) 

 
All these variation from the optimal values can lead to potentially significant 

degradation of the received signal. This has already been understood in the 

literature, with the impact of these imperfections on DQPSK having been 

evaluated in [141]. To visualize the effect of each imperfection on the 

reconstructed signal, a constellation diagram from the ideal receiver 

implemented in Section 4.1.1 is compared with three constellation diagrams, 

each with a deviation in one of the examined parameters, shown in Figure 4.13. 

The uneven coupling ratio in an unbalanced MZDI leads to increased noise in 

the phase direction, as well as to an imbalance in the constellation. The phase 

shift, as already discussed, results to a rotated constellation diagram. Finally, 

when a mismatching of the BPD responsitivities occurs, the distances between 

the signal points become uneven. 
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Figure 4.13 Simulated constellation diagrams, phase pre-integration 16QAM (a) ideal 

(b) couple ratio 0.42 (c) phase shift 10
0
 (d) R 0.12 

In order to quantify the effect of the impairments, the EVM of the received 

signals was measured for a range of the parameter values around the optimal 

point [136]. EVM is a good indication of the distortion of the received signal, as 

it measures the distance of the received constellation points from the ideal 

constellation. In every case, the upper part of the incoherent receiver is set to 

the nominal values, while in the lower part the parameter under study is set to 

the deviated values.  The results are shown in Figure 4.14a-c. The reference 

signal has an EVM of 6.8%, resulting in a BER around 10
-11

, while an EVM of 

15% leads to a BER above the threshold of error-correcting codes (around 10
-3

). 

It can be seen (Figure 4.14a) that even for a coupling ratio of 0.6/0.4, error-free 

detection can be achieved. Furthermore, for small deviations from the nominal 

value, degradation is small. For the phase detuning (Figure 4.14b), a shift of 12 

degrees is the limit for correct detection. However, even for relatively small 

deviations, between 5
0
 and 10

0
, significant deterioration of the signal quality 

occurs. Finally, for the responsitivities mismatch, a value of R up to +/-0.15 is 

allowed (Figure 4.14c), which means that for reasonable mismatch values, the 

signal distortion remains low. 
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Figure 4.14 EVM for various receiver impairments (a) unbalanced couple ratio (b) 

phase detuning (c) responsitivities imbalance 

From the simulation results it can be seen that phase pre-integration 16QAM 

is quite robust to receiver imperfections. The most critical parameter is the 

detuning of the phase shifters. The phase shifters will drift over time due to 

environmental variation, therefore an active control loop must be employed to 

keep the deviation minimal. Alternatively, the constellation rotation due to 

phase detuning, as well as the distortion due to imbalance of the responsitivities, 

can be compensated in the digital domain by employing suitable algorithms 

[142]. For example, a number of pilot symbols can be inserted at the start of 

every transmission that can enable the receiver to align the constellation to the 

right place. This is an interesting option, since it removes the need for analog 

alignment, and it will be discussed in Section 5.6.1. Similarly, different 

amplitude levels between I and Q signals, caused by the responsitivities 

imbalance, can easily be addressed in DSP by normalizing the incoming signal 

vectors. 

4.3 Summary 

The performance of phase pre-integration and coded square 16QAM for 

Next-Generation PONs, tested with extensive simulations, has been presented in 

this Chapter. For phase pre-integration 16QAM, results have shown error-free 
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10 Gb/s transmission for both downstream and upstream channels with a large 

margin to cover power penalties. For coded square 16QAM, simulations have 

indicated error-free 10 and 40 Gb/s transmission for the downstream and 10 

Gbs/ for the upstream. Comparing the two formats, it appears that 16QAM with 

phase pre-integration is more suitable for high-speed applications (40 Gb/s), at a 

cost of a more complex receiver. Finally, an investigation of the impact of 

transmitter- and receiver-side imperfections on the multilevel signals has been 

presented, with the most critical impairments identified and potential mitigation 

methods indicated. 





 

Chapter 5 Experimental Validation of 

Multilevel Formats in PONs 

 

 

 
In this Chapter, the experimental validation of multilevel modulation in 

access networks is presented. First, the main components of the experimental 

test-bed are identified and potential performance-limiting factors particular to 

multilevel modulation formats are highlighted. Then, a number of experiments 

using D8PSK and Star 16QAM at 2.5 and 10 Gsym/s are described and their 

results are extensively discussed, based on the work presented in [143], [144], 

[145], [146] and [147]. These two formats were chosen for the experimental 

validation, as they were scalable to 10 Gsym/s using binary-based transmitters, 

since no high-speed DACs were available. Moreover, algorithms that can 

simplify the receiver implementations and mitigate impairments are presented 

and evaluated by simulation and experimental data. Finally, the obtained results 

are examined in the context of the simulation results of Chapter 4 and the 

requirements laid out in Chapter 2. 

5.1 System test-bed 

To evaluate the performance of different multilevel formats at various symbol 

rates and explore different PON architectures and upstream channel options, a 

versatile test-bed has been developed. The main photonic and electronic 

components are introduced in this Section and their functionalities in the 

context of multilevel-based PONs are discussed. In addition, important issues 

regarding the generation and detection of multilevel formats that can lead to 

degraded system performance, related to the immaturity of this technology in 

optical communications (compared to binary formats), such as the poor quality 

of multilevel driving signals and amplifier nonlinearities, are indicated and 

ways to overcome these limitations are shown. 
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5.1.1 Laser source 

Due to the tight spacing of symbols in the signal space, low-linewidth lasers 

are required in multilevel-based optical links.  In this experimental set-up an 

Agilent tunable ECL with 100 kHz linewidth was used as the CW source for the 

multilevel signals. Its maximum output power is +15 dBm and it is tunable 

across the 1465-1575 nm range. 

5.1.2 Arbitrary Waveform Generator 

DSP-based transmitters require ASICs to perform the transmitter-side signal 

processing and DACs to convert the digital data to analog waveforms to drive 

the optical modulators. For laboratory experiments and demonstrations, 

typically the processing takes place off-line (e.g. in a PC with Matlab) and an 

Arbitrary Waveform Generator (AWG) applies the digital-to-analog conversion. 

Key performance metrics of an AWG is the bandwidth, the sampling rate and 

the bit resolution. A Tektronix AWG (model 7122B) capable of producing 

waveforms at 12 Gsa/s at two outputs simultaneously is used in the set-up. The 

nominal resolution is 10 bits. However, the bandwidth of the device is limited 

when both outputs are operating. It can be seen from Figure 5.1 that the 3-dB 

bandwidth of the converters at 12 Gsa/ is less than 5 GHz. That means that 

when high-speed signals are required, at 10 Gsym/s, the AWG is not suitable. 

For this reason, the AWG was used in the experiments where 2.5 Gsym/s 

transmission was tested. For the high-speed experiments, binary-driven signal 

generation was applied, using a Pulse Pattern Generator (PPG). 

 

 

Figure 5.1 Tektronix 7122B AWG bandwidth 
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5.1.3 Pulse Pattern Generator 

A PPG (part of the Agilent 70843C BER Tester) that can generate binary 

signals up to 12.5 Gb/s was used to drive the OOK modulators that were 

providing the upstream channel in some of the experiments presented in this 

Chapter. In addition, it was used to drive the binary-based multilevel transmitter 

structures of the 10 Gsym/s experiments, due to its superior signal quality at 10 

GHz. The advantage offered by using PPG as a pulse source can be discerned in 

Figure 5.2 and Figure 5.3, where four-level signals are created by the AWG and 

by electrically combining the two complimentary outputs of the PPG, 

appropriately delayed. The symbol rate is 2.5 Gsym/s, showing that even at 

relatively low symbol rates the PPG offers superior signal generation 

capabilities. Due to increased interest on advanced modulation formats, newer 

and faster DACs have been commercialized that bridge this performance gap. 

For example, a four-level signal created by a 30 Gsa/s Micram Vega DAC at 10 

Gsym/s is shown in Figure 5.4. However, such DACs were not available when 

the experiments described in this Chapter were conducted. 

 

 
 

Figure 5.2 Four-level signal, AWG at 2.5 

Gsym/s 

 
 

Figure 5.3 Four-level signal, PPG at 2.5 

Gsym/s 

 

Figure 5.4 Four-level signal at 10 Gsym/s, Micram DAC 
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5.1.4 Electrical amplifiers 

Electrical amplifiers are a critical part of DSP-based transmitters. They must 

linearly amplify the multilevel signals created from the DACs to voltages close 

to 2 V in order to achieve good optical signal quality. However, since 

traditionally all high-speed optical communication links utilized OOK 

modulation, driver amplifiers are optimized for binary signals. The advent of 

coherent QPSK-POLMUX has not changed the situation, since this modulation 

format also requires binary driving signals. The issue of the absence of linear 

amplifiers for high-order modulation formats has been identified in the 

literature [148]. It is expected, however, that with the commercialization of 

higher-order modulation formats, such as 16QAM, suitable linear amplifiers 

will become commonplace. Already, ultra-linear, high-speed amplifiers are 

being marketed [149]. 

The effect of the absence of linear amplification is exhibited in Figure 5.5, 

where a four-level signal created by the AWG at 2.5 GHz is shown before (top) 

and after amplification (bottom) by a driver amplifier. The degradation on the 

signal is obvious, with high rise and fall times, and the importance of linear 

amplification can be clearly seen. Throughout the experimental work, SHF 

100APP (with 12 GHz bandwidth) amplifiers were used as drivers and 

amplifiers in the transmitter and receiver, due to their good linear properties. 

Furthermore, their output voltage swing is 5 V, which is close to the 2 V  value 

of the modulator. Picosecond amplifiers (11 GHz bandwidth, model 5865) were 

also used, specifically for driving the phase modulator and amplitude 

modulators, because the gain of these amplifiers could be finely controlled. That 

was necessary in order to achieve exactly / 4  phase shift in the phase 

modulator and control the extinction ratio of the 10 Gsym/s Star 16QAM, as it 

will be seen later in Section 5.5. 

 

 

Figure 5.5 Four-level AWG signal, before (top) and after (bottom) amplification 
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5.1.5 Modulators 

The basic building block in multilevel transmitters is the IQ modulator, which 

upconverts the electrical signals to the optical domain. A nested Mach-Zehnder 

modulator from Fujitsu (FTM7961EX) was the basis of the experimental set-up. 

This modulator was chosen due to its large bandwidth (28 GHz) and lowV  

value (3-3.5 V). A phase modulator was also used when the parallel-serial 

transmitter configuration was preferable. This device was a Sumitomo 10 GHz 

modulator, with V  value of around 5.5 V. In this case, a lowV  
value is not 

important, since only a / 4  shift needs to be applied. 

5.1.6 Directly Modulated Lasers 

DMLs are providing the upstream channel in some experiments. Two devices 

were used; one operating at 2.5 Gb/s and 1554 nm and one operating at 10 Gb/s 

and 1310 nm. The 1554 nm laser had an output power of around 0 dBm, while 

the 1310 nm one had an output power of +4 dBm. Both were directly driven by 

a PPG. 

5.1.7 Demodulators 

The demodulator is the basic building block of the differential receiver, 

providing a differential phase reference by splitting the incoming signal, 

inserting a delay of one symbol period in one path and then combining the 

signals again. Phase shifters also create the shifts that separate the in-phase and 

quadrature components. For the 2.5 Gsym/s experiments, a demodulator 

consisting of two Mach-Zehnder interferometers with 400 ps delay lines from 

ITF was used. For the 10 Gsym/s experiments, a single MZ interferometer with 

100 ps delay line was available. In those experiments, the in-phase and 

quadrature components were captured independently, by tuning the wavelength 

of the ECL to align the signal to maximum and minimum of the periodic 

function of the MZDI, in order to obtain the required phase shifts (0 and 90
0
, 

respectively). The required tuning between I and Q components was typically 

0.02 nm (2.5 GHz). 

5.1.8 Photo detectors 

For multilevel signals, balanced detection offers many advantages, as shown 

in Section 3.2.2. For that reason, balanced photo detectors were used to detect 

the demodulated signals after the MZ interferometers. Specifically, u
2
t BPDs 

with a bandwidth of 40 GHz were chosen (model BPDV2020R) due to their 

high performance and lack of limiting amplifiers. Most commercial BPDs with 
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integrated TIAs are designed in such a configuration, since they are geared 

towards (D)QPSK applications. However, if multilevel signals are detected, 

linear amplification is necessary. The disadvantage of the absence of on-chip 

amplification is that optical pre-amplification is required in order to produce 

high enough photo currents to be amplified and sampled. 

Single photodiodes were used to detect the OOK upstream signals, the 

amplitude component of Star 16QAM and in one experiment to perform DSP-

balanced detection. For the 2.5 Gb/s OOK signal, a PIN-TIA receiver with 

limiting amplifier and clock recovery was used. The sensitivity of this receiver 

was -24 dB. For the 10 Gb/s OOK signal, the amplitude component detection 

and the DSP-balanced detection, Nortel PIN-TIA receivers were used (model 

PP-10G). The sensitivity of this particular receiver was -19 dBm. 

5.1.9 Digital Sampling Scope 

The last part of the receiver is the digital sampling scope, which samples the 

analog detected signals and transfers them to the digital domain for further off-

line processing in Matlab. A Tektronix Digital Phosphor Oscilloscope (DPO), 

model 72004, was used throughout the experiments presented in this thesis. 

This model offers sampling rates up to 50 Gsa/s, with analog bandwidth of 16 

GHz, which is enough for all the experiments conducted in this work. The 

nominal resolution of the ADCs is 10 bits. 

5.2 D8PSK (7.5 Gb/s)/ OOK (2.5 Gb/s) experiment 

5.2.1 Experimental set-up 

 

Figure 5.6 Experimental set-up D8PSK (7.5 Gb/s)/ OOK (2.5 Gb/s) 
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The experimental validation of the proposed multilevel modulation formats 

has started at 2.5 Gsym/s. The comparatively low rate was used as a stepping 

stone in order to see the critical constraints of the system, become familiarized 

with the particular challenges associated with optical multilevel modulation and 

get a first proof of concept. Likewise, D8PSK was explored first, as it is simpler 

than Star 16QAM. The experimental set-up of this experiment is shown in 

Figure 5.6 [143]. In the chosen architecture, the ONU remains passive, while 

optical amplification is provided in the Remote Node. That way, ONU can be 

kept cost-effective, while the added cost in the RN is shared among all the PON 

users. Moreover, the RN can act as a reach extender. 

The differential encoding of the downstream data, as well as  

the pre-distortion to compensate for the modulators’ nonlinear transfer function, 

is being done offline in Matlab and the resulting waveforms are loaded into the 

AWG. The transmitted pattern is 100k symbols long. The AWG creates the 

analog waveforms at 5 Gsa/s (upsampled by a factor of two), which are then 

amplified and drive the IQ modulator.  A CW light source at 1550 nm is 

provided by the ECL with a linewidth of 100 kHz. The created D8PSK signal is 

then launched from the CO unamplified into 25 km of single-mode fiber 

through a circulator, with an input power of -3 dBm. After the fiber length, the 

downstream signal enters the RN, which consists of two circulators that 

separate the downstream and the upstream channel, two EDFAs, a filter and an 

attenuator that introduces 15 dB attenuation, modeling the TDM splitter. The 

EDFA amplifies the downstream signal from -10 dBm to +13 dBm and the 

filter removes the excess ASE noise. After the RN, the downstream signal 

reaches the ONU, where it enters the differential receiver, after passing through 

a circulator. A variable optical attenuator (VOA) is used to introduce additional 

losses in order to produce the BER curves. The main building block of the 

receiver, as discussed in the Section 5.1.7, is a demodulator consisting of two 

MZ interferometers with a time delay equal to a symbol period (400 ps) and 

phase shifters set at 0 and 90
0
, respectively. The optical outputs of the 

demodulator are typically detected by a pair of balanced photo detectors. 

However, high-performance balanced photo detectors were not available during 

the time of the experiments, so each output of the demodulator was detected by 

a single photo diode and the balancing was performed in the DSP. The electrical 

signals are amplified, sampled by the DPO and are transferred to Matlab for off-

line processing. 

The 2.5 Gb/s Non-Return-to-Zero (NRZ) driving electrical signal for the 

upstream channel is created by the PPG. It then modulates the DML in the 

ONU, which has an output power of 0 dBm and operates at 1554 nm. The signal 

is introduced through a circulator in the RN, where it is attenuated by the 

splitter and forwarded into the upstream-path EDFA. The signal is then 
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amplified to +3 dBm (minimum power output allowed by the amplifier) and 

subsequently attenuated, so that it does not introduce any interference to the 

downstream signal. The EDFA in the upstream path was necessary in this 

experiment, as the sensitivity of the PIN-TIA receiver used is -24 dBm, while 

the total losses in the system are 27 dB. However, if a better receiver (e.g. with 

an APD) is used, the EDFA in the upstream channel can be removed. 

5.2.2 Experimental results and discussion 

Using the experimental set-up described in the previous Section, the 

performance of D8PSK and OOK modulation formats under bidirectional 

transmission over 25 km of fiber was evaluated. A received D8PSK 

constellation diagram is shown in Figure 5.7, while a received OOK eye is 

shown in Figure 5.8, both after transmission over 25 km of SMF. No 

degradation is observed in the OOK signal. For the D8PSK signal, although the 

eight points are clearly distinguishable in the constellation diagram, significant 

distortion is present. This distortion is caused by the fact that single photodiodes 

were utilized to detect each of the outputs of the demodulator. The constellation 

diagrams produced by single-ended detection, for outputs 1 and 3 and outputs 2 

and 4 of the demodulator, respectively, are shown in Figure 5.9a and b. The 

single-ended constellation diagrams exhibit the same patterning effect which 

was described and explained in Section 3.2.2. The problem that arises is that in 

this case, photodiodes from different fabrication batches were used. Although 

they are the same model, the photodiodes exhibit different response 

characteristics, which mean that the patterning effect is not completely 

cancelled out by balancing the outputs. As a result, a distorted balanced 

constellation diagram is produced. This effect is avoided in balanced photo 

detectors, since there the diodes come from the same fabrication process and 

exhibit much greater uniformity. 

 

 

Figure 5.7 Received constellation 

diagram, D8PSK at 7.5 Gb/s 

 

Figure 5.8 Received eye, OOK at 2.5 Gb/s 
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Figure 5.9 Received constellation diagram with single detection, D8PSK (a) outputs 

1 and 3 (b) outputs 2 and 4 

 

 

The BER curves as a function of the received power for the D8PSK and OOK 

signals were obtained, by tuning the variable attenuators in front of the 

respective receivers. The BER curves are shown in Figure 5.10 and Figure 5.11 

and include measurements with and without bidirectional transmission. For the 

D8PSK downstream signal, it can be seen that despite the distortion of the 

constellation diagram, error-free transmission with FEC is possible. The 

observed sensitivity is around -12.5 dBm. The power penalty due to fiber 

transmission is quite small, around 0.5 dBm. The presence of the counter-

propagating upstream OOK signal is found to incur a power penalty of around 1 

dB on the downstream signal when bidirectional transmission over 25 km of 

fiber is implemented. For the upstream OOK signal, error-free transmission is 

demonstrated, with minimal power penalty due to fiber transmission. On the 

other hand, a penalty of around 2 dB at a BER of 10
-9

 is observed when the 

downstream channel is included in the experiment. The cause of this penalty 

was found to be some residual back reflections in the splitter, due to the high 

output power of the EDFA in the Remote Node. 
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Figure 5.10 BER vs. received power, D8PSK at 7.5 Gb/s 

 

Figure 5.11 BER vs. received power, OOK at 2.5 Gb/s 

To evaluate the potential of the active RN to act as a Reach Extender, the 

fiber length was increased to 62.5 km. The length of the feeder fiber (from the 

CO to the RN) was 50 km, while the remaining 12.5 km constituted the 

distribution fiber (from the RN to the ONU). The rest of the experimental set-up 

remained the same. The increased fiber length did not affect the OOK upstream 

signal, as it can be seen in Figure 5.12 and Figure 5.13, as expected, since the 

bit rate is quite low. For this reason, measurements were focused on the 

downstream D8PSK channel, while keeping both channels active. 

 



Experimental Validation of Multilevel Formats in PONs 89 

 

 
 

Figure 5.12 Received OOK eye, back to 

back 

 
 

Figure 5.13 Received OOK eye, 62.5 km 

The BER curves of the downstream signal for the long-reach configuration 

are shown in Figure 5.14. It can be seen that error-free transmission with FEC is 

achieved. The observed sensitivity is not affected by the increased fiber length; 

in fact it is measured to be -13.5 dBm, giving 1 dB improvement over the 

results of 25 km of fiber. The reasons for this apparent improvement are related 

to the laboratory conditions. Firstly, during these measurements more 

experience on the optimization of the transmitter and receiver operating 

conditions was available. Secondly, the long-reach measurements were 

performed under much more stable environmental conditions; during the first 

measurements, temperatures in excess of 30
0
 were occurring in the laboratory. 

The power penalty remains at around 0.5 dB. 

 

 

Figure 5.14 BER vs. received power, D8PSK at 7.5 Gb/s and 62.5 km of fiber 

The experimental results on D8PSK as a downstream channel at 7.5 Gb/s 

show that error-free transmission up to 62.5 km with minimal power penalty 

and low interference by the upstream channel is possible. The generation of a 

good-quality high-order phase modulated signal using a DSP-based transmitter 
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with an IQ modulator has also been demonstrated. However, the obtained 

receiver sensitivity is quite low, necessitating in-line amplification even for 25 

km of fiber and modest splitting rations (32 users). The main reason for this 

limited sensitivity is the suboptimal detection method, as discussed earlier, as 

well as the limited sensitivity of the photodiodes used (-19 dBm for OOK). 

Significant improvement in sensitivity is expected by employing balanced photo 

detectors in the receiver. 

5.3 Star 16QAM (10 Gb/s)/ OOK (2.5 Gb/s) experiment 

5.3.1 Experimental set-up 

 

Figure 5.15 Experimental set-up Star 16QAM (10 Gb/s)/ OOK (2.5 Gb/s) 

In the next experiment, the symbol rate was kept constant at 2.5 Gsym/s, 

while the spectral efficiency of the downstream channel was increased by 

employing Star 16QAM modulation [144]. This resulted to a 10 Gb/s bit rate 

for the downstream, while the upstream signal was the same (OOK at 2.5 Gb/s). 

The experimental set-up is shown in Figure 5.15. The basic network 

architecture is identical with set-up of Section 5.2.1, with the only addition 

being the insertion of 2 km of fiber between the RN and the ONU to model the 

distribution fiber section of the PON. Regarding the transceivers, the transmitter 

is left unchanged. The move from D8PSK to Star 16QAM is implemented by 

changing the driving signals created by the AWG using Matlab. On the receiver 

side, two new requirements have arisen, compared to the receiver of the 

previous Section; the amplitude component of Star 16QAM needs to be 

detected and the distortion of the constellation due to the absence of balanced 

detection has to be avoided. The first requirement is addressed by including a 

separate PIN-TIA receiver, where a portion of the input power is directed. To 
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satisfy the second requirement, balanced photo detectors replace the single 

photodiodes of the previous receiver. Since, as already mentioned in Section 

5.1.8, the balanced photo detectors used did not have integrated TIAs, optical 

pre-amplification in the form of an EDFA was employed in the receiver to boost 

the received power into levels that could produce high enough electrical signals 

to be used for the reconstruction of the Star 16QAM signal. 

The differential encoding of the downstream data (100k symbols long), as 

well as the pre-distortion to compensate for the modulators’ nonlinear transfer 

function, is being done offline in Matlab and the resulting waveforms are loaded 

to the AWG. The AWG creates the analog waveforms at 5 Gsa/s, which are 

then amplified and drive the IQ modulator. A CW light source at 1550 nm is 

provided by the ECL with a linewidth of 100 kHz. The created Star 16QAM 

signal is then launched from the CO unamplified into 25 km of single-mode 

fiber through a circulator, with an input power of -4.5 dBm. After the feeder 

fiber length, the downstream signal enters the RN, which consists of two 

circulators that separate the downstream and the upstream channel, two EDFAs 

and an attenuator that introduces 15 dB attenuation, modeling the loss of 1:32 

TDM splitter. The EDFA amplifies the downstream signal from -12 dBm to 

+10 dBm. After the RN, the downstream signal passes through 2 km of 

distribution fiber and reaches the ONU. An EDFA is used as a pre-amplifier to 

boost the received power to +7 dBm, followed by a filter to remove excess ASE 

noise. The optical outputs of the demodulator are detected by two pairs of 

balanced photo detectors. A portion of the input power, through a 70:30 splitter, 

is sent to a single photodiode for the amplitude detection. The electrical signals 

are amplified (except for the amplitude component), sampled by the DPO at 50 

Gsa/s and transferred to Matlab for offline processing. 

The upstream path is the same as the one in Section 5.2.1. The 2.5 Gb/s 

driving electrical signal for the upstream channel is created by the PPG. It then 

modulates the DML in the ONU, which has an output power of 0 dBm and 

operates at 1554 nm. The signal is introduced through a circulator in the RN, 

where it is attenuated by the splitter and forwarded into the upstream-path 

EDFA. The signal is then amplified to +3 dBm and subsequently attenuated, so 

that it does not introduce any distortion to the downstream signal. 

5.3.2 Experimental results and discussion 

Using the experimental set-up described above, the performance of the 

multilevel downstream and the binary upstream channels was investigated. The 

differential received constellation diagram of Star 16QAM, consisting of the 

sampled outputs of the balanced photo detectors, the reconstructed constellation 

diagram, incorporating the amplitude information from the photodiode, and the 
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OOK eye are shown in Figure 5.16. Examining the differential constellation, the 

three amplitude rings can be seen, as well as a clear distinction of the eight 

phase levels. The reconstructed constellation exhibits 16 clearly separated 

signal points, as the inclusion of the intensity information significantly 

improves the quality of the amplitude component. Furthermore, the signal 

distortions present in the D8PSK constellation of Section 5.2.2 have 

disappeared, as expected by the switch to balanced detection. Regarding the 

OOK signal, a clear eye opening is evident and no impairments can be 

discerned. 

 

 

Figure 5.16 Received signals (a) Differential constellation diagram, Star 16QAM at 10 

Gb/s (b) Reconstructed constellation diagram, Star 16QAM (c) Detected eye, OOK at 

2.5 Gb/s 

Taking a careful look on the reconstructed constellation, the predominance of 

phase noise can be observed. From the constellation, it is obvious that an 

important parameter in the system design is the radius ratio between the two 

D8PSK circles comprising the Star 16QAM constellation. Since phase noise is 

twice as large as amplitude noise (due to differential detection), the inner circle 

should have as large radius as possible to exploit the larger distance between its 

symbols. However, if the two circles are spaced too close to each other, 

amplitude errors begin to dominate. To find the optimal operating condition, the 

BER of the Star 16QAM signal as function of the radius ratio has been 

evaluated. Having normalized the radius of the outer ring to 1, the radius of the 

inner ring was varied from 0.55 to 0.8. The radius sweep is performed simply 

by changing one parameter in the code generating the waveforms in Matlab, 

demonstrating the versatility of the DSP-based transmitter approach. The 

transmitted Star 16QAM signals for a number of inner ring radiuses are shown 

in Figure 5.17a-d. It can be seen that for low values of the ring radius (0.5-0.6), 

there is clear separation of the two amplitude levels and there is significant 

margin for increasing the amplitude of the lower ring in order to accommodate 
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higher distance between symbols in the phase domain. On the other hand, for a 

high radius value, such as 0.8, it is apparent that the amplitude levels are too 

closely spaced and will begin to introduce significant number of errors. The 

BER curve versus the inner ring radius is shown in Figure 5.18. The best 

performance is found to be for inner ring radii of around 0.65-0.7, validating the 

estimation obtained by examining the Star 16QAM eyes. For the remainder of 

the experiment, a value of 0.7 is used for the inner ring radius. 

 

 

Figure 5.17 Transmitted Star 16QAM eyes for different ring radii, 10 Gb/s (a) 0.5 (b) 

0.6 (c) 0.7 (d) 0.8 

 

Figure 5.18 BER vs. inner ring radius, Star 16QAM at 10 Gb/s 
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With the optimized Star 16QAM signal, the BER performance of the 

downstream and upstream channels was evaluated. The BER curves as a 

function of the received power for bidirectional transmission over 27 km of 

fiber are shown in Figure 5.19 and Figure 5.20 for the Star 16QAM and OOK 

signals, respectively. For the downstream multilevel signal, error-free 

transmission with FEC is possible and the receiver sensitivity at 10
-3

 is -31.5 

dBm. The power penalty at the FEC threshold is practically zero and rises to 0.5 

dB at a BER of 10
-4

. For the OOK upstream channel, error-free transmission at -

22 dBm received power is achieved, which is close to the reference sensitivity 

of the receiver (-24 dBm). The power penalty due to fiber transmission is 

minimal. 

 

 
 

Figure 5.19 BER vs. received power, Star 

16QAM at 10 Gb/s and 27 km of fiber 

 
 

Figure 5.20 BER vs. received power, 

OOK at 2.5 Gb/s and 27 km of fiber 

Compared with the results obtained in the D8PSK experiment with the same 

symbol rate, a tremendous improvement in the obtained sensitivity is achieved, 

despite moving to a higher-order modulation format. The optical pre-

amplification in the ONU naturally is one reason for the observed improvement. 

The second and most fundamental reason is the elimination of the degradation 

due to the detection with single photodiodes and off-line balancing of the 

outputs. In fact, the high observed sensitivity means that for the fiber length and 

splitting ratio implemented in this experiment, in-line amplification in the RN 

was not necessary to achieve error-free transmission. In terms of available 

power budget, if amplification is moved to the CO and the fiber input power is 

set to around 3.5 dBm for the multilevel signal, a value of 35 dB can be 

achieved. Translated to allowed splitting ratios, that budget corresponds to a 

PON size of 512 users, assuming a PON length of 27 km. Alternatively, the 

power budget can allow long-reach architectures; a splitting ratio of 128 users 

can be supported for a 60-km long PON. As already demonstrated with D8PSK, 

due to the low symbol rate, no dispersion penalty for these fiber lengths is 

expected. In this experiment, the OOK-based upstream signal introduces a 

constraint to the PON power budget, since the receiver sensitivity is -22 dBm. 



Experimental Validation of Multilevel Formats in PONs 95 

 

However, burst-mode receivers with a sensitivity as high as -32 dBm, without 

employing optical pre-amplification, have been presented [150]. Therefore, it is 

not expected that the OOK upstream channel will limit the power budget in a 

system deployment. In general, a first proof-of-principle of the capability of 

multilevel modulation formats to scale the bit rate without sacrificing the 

receiver sensitivity has been demonstrated at relatively low symbol rates. 

5.4 D8PSK (30 Gb/s)/ OOK (10 Gb/s) experiment 

5.4.1 Experimental set-up 

 

 

Figure 5.21 Experimental set-up D8PSK (30 Gb/s)/ OOK (10 Gb/s) 

After validating the concept of using multilevel differential modulation in 

access networks at moderate bit rates and locating potential pitfalls (such as the 

effect of DSP-balanced detection), the scaling of the system rate at bit rates that 

are the target of NG-PONs using these modulation formats was explored. 

Again, the first experiment focused on D8PSK, due to its simplicity relative to 

Star 16QAM. The symbol rate was increased to 10 Gsym/s, resulting to a bit 

rate of 30 Gb/s [145]. The upstream channel remained OOK, generated by a 

DML, but its bit rate was also increased fourfold to 10 Gb/s. 

The experimental set-up is shown in Figure 5.21. As already explained, for 

the high-speed experiments the DSP-based transmitter was replaced by the 

binary-driven parallel-serial configuration transmitter. In this configuration, a 

PPG is the signal source; it creates two complementary 10 Gb/s bit streams 

which are used to create the three binary driving signals required. One of the 

PPG outputs is split in two, with one path adequately decorrelated (by using 

different cable lengths) and subsequently aligned to the other (using a tunable 

electrical delay line). The two, by now uncorrelated, streams are amplified and 
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drive the IQ modulator, creating a DQPSK signal. The other bit stream is also 

decorrelated and aligned to the DQPSK streams. After amplification, it drives 

the phase modulator that is located after the IQ modulator and introduces a 0 or 

45
0
 phase shift on the DQPSK signal, depending on the incoming pulse, 

generating the D8PSK signal. Two further functionalities have been introduced 

in the CO in this experiment. The first one is the insertion of a Dispersion 

Compensating Fiber (DCF) module, right after the transmitter, to pre-

compensate the signal for the dispersion encountered over the fiber length. 

When the symbol rate is scaled at 10 Gsym/s, even after 25 km of fiber 

dispersion starts to incur significant power penalty to high-order modulation 

formats. The received D8PSK eyes for back to back and 25 km transmission are 

shown in Figure 5.22. The degradation induced by chromatic dispersion to the 

D8PSK signal is evident. The impact of CD can be mitigated in the digital 

domain and the DCF can be avoided [98]. However, suitable compensating 

algorithms were not available, so the DCF module was used to perform the 

experiment. The second new element in the CO is an EDFA, which boosts the 

signal before transmission over the PON. The EDFA in the RN is removed in 

this case, since the receiver sensitivity has been shown in the experiment in 

Section 5.3 to be suitably high. That means that an entirely passive distribution 

network is possible, reducing complexity and increasing cost-efficiency. The 

EDFA in the CO is necessary, however, since the addition of the phase 

modulator and the DCF increases losses considerably. The wavelength scheme 

is also altered, since the available DML operated at 1310 nm. 

 

 

Figure 5.22 Received D8PSK eyes at 30 Gb/s (a) back to back (b) 25 km of fiber 

An ECL set at 1550 nm functions as the low-linewidth CW light source in the 

CO. The D8PSK signal is generated with the parallel-serial configuration 

described in the previous paragraph, with a PRBS sequence of 2
13

-1. The 

multilevel signal passes through 4 km of DCF and is then amplified.  After a 

1550/1310 nm multiplexer, the signal is launched into 25 km of standard single-

mode fiber with an input power of +3 dBm. An attenuator introduces 15 dB of 

splitting losses (that corresponds to a splitting ratio of 32 users). In the ONU, 
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the downstream signal is separated through a demultiplexer and is pre-

amplified, with the EDFA set at constant output power mode at +7 dBm, before 

being filtered, detected and sampled by the DPO, with a sample length of 100k 

symbols. 

For the upstream channel, a PPG creates a 10 Gb/s NRZ signal with a PRBS 

pattern of 2
23

-1 that drives the DML. The fiber input power is +4 dBm. The 

OOK upstream signal, after passing through the splitter and 25 km of fiber, is 

pre-amplified in the CO by an SOA to boost the signal before being detected by 

a PIN-TIA receiver, which has a nominal sensitivity of -19 dBm. If a more 

sensitive APD-TIA were available at the CO, the SOA would be unnecessary. 

5.4.2 Experimental results and discussion 

A received D8PSK constellation diagram and a detected OOK eye are shown 

in Figure 5.23 and Figure 5.24, respectively. The eight constellation points are 

clearly visible and no signs of degradation due to imperfect generation or 

detection processes can be identified. For the 10 Gb/s OOK signal, no signs of 

pulse broadening are discerned, since the operating wavelength of 1310 nm 

ensures low dispersion. The BER curves as a function of the received power for 

bidirectional transmission of the downstream and upstream channels can be 

seen in Figure 5.25 and Figure 5.26. For the D8PSK signal, error-free 

transmission with FEC, introducing 7% overhead, is possible. Observed 

sensitivity is -33.5 dBm and a small power penalty of around 1 dB is measured. 

The results validate the very good generation and detection of the multilevel 

signal. For the OOK upstream channel, receiver sensitivity is -24 dBm, with 

very low power penalty due to fiber transmission and no error floor. 

The very good receiver sensitivity measured for the D8PSK signal indicates 

the importance of good driving signals. Compared with the sensitivity obtained 

for the 10 Gb/s Star 16QAM signal, the 30 Gb/s D8PSK exhibits two dB better 

performance. Naturally, the increase of the modulation order in 16QAM has as 

a result a decrease in the expected sensitivity of the receiver. However, in the 

D8PSK experiment the symbol rate is four times higher, which also adversely 

affects the expected sensitivity. This result highlights the improvement required 

in DAC technology, in order to enable DSP-based transmitters that can produce 

high-quality optical multilevel signals. Regarding achievable power budgets, for 

an input power of 0.5 dBm, 34 dB are available. This power budget corresponds 

to a splitting ratio of 512 users, if the PON reach is 25 km. Alternative 

allocations of the power budget to increase the reach, with a lower splitting 

ration, are also possible. In an actual PON deployment, the pre-amplified 

receiver would be replaced by balanced photo detectors with integrated TIAs. 

That configuration will incur a power penalty, which can be addressed by 
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increasing the input power of the downstream channel, keeping the available 

power budget of the PON at high levels. For the upstream channel, the receiver 

sensitivity is again limited by the available receiver, also limiting the system 

budget. A state-of-the-art burst-mode receiver [151] operating at 10 Gb/s with a 

sensitivity of -30 dBm (with FEC) will allow the high power budgets discussed 

in this paragraph. In this experiment, therefore, it has been shown that 

differential multilevel modulation can efficiently scale the bit rate for 

downstream channels with a passive distribution network and high achievable 

splitting ratios. 

 

 
 

Figure 5.23 Received D8PSK 

constellation diagram at 30 Gb/s 

 
 

Figure 5.24 Detected OOK eye at 10 Gb/s 

 
 

Figure 5.25 BER vs. received power, 

D8PSK at 30 Gb/s and 25 km of fiber 

 
 

Figure 5.26 BER vs. received power, 

OOK at 10 Gb/s and 25 km of fiber 

5.5 Star 16QAM (40 Gb/s)/ D8PSK (30 Gb/s) and OOK 

(10 Gb/s) experiment 

5.5.1 Experimental set-up 

The previous experiment, in Section 5.4, has shown that differential detection 

of multilevel modulation formats can provide high bit rates combined with high 
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sensitivity, enabling very high-speed TDM-PONs. Nevertheless, two issues still 

needed to be addressed. The first one concerns the further scaling of the 

downstream channel to 40 Gb/s. There are two main reasons why a bit rate of 

40 Gb/s is desirable. Firstly, with larger PON sizes envisioned by telecom 

operators, higher system bit rates are required in order to provide adequate 

bandwidth to users. Secondly, the move to multilevel modulation, along with 

DSP functionalities, requires a paradigm shift in access networks and introduces 

considerable complexity in a domain where simple technical solutions are 

favored. For this reason, it is important to take advantage of the full potential of 

multilevel modulation to increase the spectral efficiency of the downstream 

channel, to make a strong case for the introduction of advanced modulation in 

PONs. 

The second issue that had to be explored is the scaling of the upstream bit 

rate. In the previous experiments, an OOK-based, asymmetric upstream channel 

was implemented. The asymmetry varied between 1:3 and 1:4, depending on 

the spectral efficiency of the downstream signal. As already discussed, this 

asymmetry will most likely not be an issue in the foreseeable future, as the 

evidence suggests that the upstream traffic remains asymmetric and does not 

converge to volumes comparable to the downstream traffic [50]. Furthermore, 

the most demanding applications that dictate the increase in downstream 

bandwidth, namely very high definition video formats, are not expected to be 

symmetric. Nevertheless, to enable ‘future-proof’ NG-PONs, an efficient way 

of scaling the bit rate of the upstream channel is also necessary. Multilevel 

modulation can also be applied to the upstream channel, offering the same 

advantages as the ones discussed for the downstream. The operating bandwidth 

of the components can be kept at 10 GHz, as the ones specified in the latest 

standards, but the bit rate can be scaled to 30 or 40 Gb/s, depending on the 

modulation format. Furthermore, in the multilevel receiver in the OLT signal 

processing can be used to mitigate transmission impairments and improve the 

signal quality (e.g. through multiple symbol phase estimation). 

To address the issues outlined in the previous paragraphs, the final system 

experiment implemented a Star 16QAM downstream channel at 10 Gsym/s, 

resulting to a bit rate of 40 Gb/s, with two different scenarios for the upstream 

channel: an OOK-based one at 10 Gb/s, as the one in Section 5.4, and a 

D8PSK-based one at 30 Gb/s [146]. Again, the multilevel signal is detected 

differentially. Although resulting to slightly asymmetric bandwidth, the use of 

D8PSK is advantageous over Star 16QAM in the upstream, since it can be 

decoded purely by phase thresholds, removing the need for automatic amplitude 

threshold setting, typically used in OOK burst-mode receivers. This is possible, 

since in the DSP receiver the complex D8PSK symbol is reconstructed and a 



100 

5.5   Star 16QAM (40 Gb/s)/ D8PSK (30 Gb/s) and OOK (10 Gb/s) 

experiment 

 

decision on the received symbol is made based on its phase argument, without 

taking amplitude into account. 

To accommodate the two upstream scenarios, two different set-ups were 

developed. The first one, with the 10 Gb/s OOK upstream channel, is similar to 

the set-up of Section 5.4.1, with the addition of an extra modulator for the Star 

16QAM transmitter, and is shown in Figure 5.27. To provide the extra bit 

stream, the complementary output of the PPG was also split and appropriately 

decorrelated and aligned to the rest of the driving signals. This bit stream is then 

input in an amplifier, whose gain can be controlled, allowing flexibility in 

choosing the appropriate driving voltage swing for the amplitude level of the 

16QAM signal. 

 

 

Figure 5.27 Experimental set-up Star 16QAM (40 Gb/s)/ OOK (10 Gb/s) 

A simple amplitude modulator, such as a Mach-Zehnder modulator, cascaded 

in series after the D8PSK transmitter is theoretically enough for the generation 

of the Star 16QAM signal. However, it has been shown that the finite extinction 

ratio of a single MZ modulator will distort the received constellation diagram 

after differential detection [126]. The reason of the distortion is that for finite 

extinction ratios, the trajectory of the transfer characteristic of the modulator in 

the complex domain is not located entirely in the real axis. As a result, a phase 

shift is introduced in the signal when the lower amplitude is transmitted. This 

phase shift can be avoided if a nested MZ modulator is used. In this 

configuration, the desired driving signal and DC bias are applied to one of the 

modulators, in the same fashion as they would be applied to a single MZ 

modulator. To negate the phase error, the DC bias of the second modulator and 

the phase shifter are tuned in such a way as to introduce a suitable phase shift 

that would place both signal points in the real axis. A symmetric, undistorted 

Star 16QAM constellation can thus be generated with this method. 
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An ECL set at 1550 nm functions as the CW light source, with a linewidth of 

100 kHz. The Star 16QAM signal, generated with the procedure detailed in the 

previous paragraphs with a PRBS of 2
13

-1, is amplified and transmitted through 

4 km of DCF that compensates for the dispersion over the transmission fiber. In 

this experiment the order of dispersion compensation and amplification were 

reversed, compared to the experiment in Section 5.4.1. This was necessary to 

ensure low noise loading from the booster amplifier, since the addition of a 

second nested MZ modulator would reduce the input power to the EDFA 

significantly, if the DCF was not moved after it. After a 1550/1310 nm 

multiplexer, the signal is launched into 25 km of SSMF with an input power of 

around 0.5 dBm. An attenuator introduces 15 dB of splitting losses (that 

corresponds to a splitting ratio of 32 users). In the ONU, the downstream signal 

is separated through a demultiplexer and is pre-amplified, with a constant 

output power setting of +7 dBm, before being filtered, detected by the receiver 

and sampled by the DPO. In the receiver, an extra photodiode is used for the 

detection of the intensity of the multilevel signal, by coupling part of the 

incoming signal through a 70:30 coupler to the photodiode, as in Section 5.3.1. 

For the upstream channel, an identical configuration as the one described in 

Section 5.4.1 is implemented. A PPG creates a 10 Gb/s NRZ signal with a 

PRBS pattern of 2
23

-1 that drives a DML at 1310 nm. The fiber input power is 

+4 dBm. The OOK upstream signal, after passing through the splitter and 25 

km of fiber, is pre-amplified in the CO by an SOA to boost the signal before 

being detected by a PIN-TIA receiver. 

 

 

Figure 5.28 Experimental set-up Star 16QAM (40 Gb/s)/ D8PSK (30 Gb/s) 

The second experimental set-up, built to test the D8PSK-based upstream 

channel, is shown in Figure 5.28. In this set-up, the multilevel transmitter is 

located in the ONU and the differential receiver is placed in the CO. To create 

the 40 Gb/s Star 16QAM downstream channel, the DSP-based transmitter 

configuration is used, with the multilevel electrical signals generated in the 

AWG driving an IQ modulator. As already discussed, the bandwidth limitation 
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of the AWG means that it is not suitable for generation of high-quality 

multilevel signals at 10 Gsym/s. However, in this set-up it is used to create a 

‘dummy’ Star 16QAM signal to act as the downstream channel, while the 

performance of the D8PSK upstream signal was evaluated. The performance of 

the Star 16QAM signal in the presence of the multilevel upstream signal could 

not be evaluated, since there were not enough IQ modulators to simultaneously 

generate both multilevel signals. Nevertheless, no significant deviation from the 

performance measured with the OOK upstream signal is expected. 

In the ONU, the D8SPK signal is generated as described in Section 5.4.1. 

After amplification, the signal is inserted to the RN trough a circulator, with an 

input power of 0 dBm. The 1550/1310 multiplexers in the set-up of Figure 5.27 

are replaced here by circulators, since both signals operate in the C band (1550 

nm for the upstream, 1553 nm for the downstream). After the splitter, 

introducing 15 dB loss, the signal is transmitted over 25 km and reaches the 

CO. After the circulator, the signal passes through the DCF module and is pre-

amplified by the EDFA, which operates at a constant output power mode, set at 

+7 dBm. A filter then removes excess ASE noise. The receiver is identical to 

the one described in Section 5.4.1. 

5.5.2 Experimental results and discussion 

Using the test-bed described in the previous Section, the performance of the 

downstream Star 16QAM signal and the two upstream signals (OOK and 

D8PSK) were evaluated. The first step was to determine the optimal distance 

between the two rings of the Star 16QAM constellation. In Section 5.3, this 

optimization was performed by changing a parameter in the code creating the 

driving signals to the IQ modulator. Since this transmitter configuration is not 

DSP-based, the relative amplitudes of the two rings were determined by tuning 

the DC bias of the nested MZ modulator. Four generated Star 16QAM eyes 

with different Extinction Ratios (ER) are shown in Figure 5.29. The extinction 

ratio in this case is defined as the ratio of the amplitude of the outer ring over 

the amplitude of the inner ring, in dB. The best-performing extinction ratio is 

again determined by a trade-off between amplitude and phase error 

probabilities. The BER curve as a function of the ER was measured and is 

shown in Figure 5.30. From the experimental data, it appears that the BER is 

minimized for an ER of 3.1 dB, which is the value that was used in the 

remainder of the experiment. Compared with the optimal value obtained in 

[126], which was 3.9 dB, the ER in this experiment is somewhat lower, 

resulting in tighter spacing between the two amplitude rings. The relatively 

large ER used in [126] was probably necessary due to the fact that there was 
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excessive amplitude noise, caused by impedance mismatching between the 

driving amplifier and the modulator. 

A received Star 16QAM constellation diagram, in the differential and the 

reconstructed forms, is shown in Figure 5.31. In the differential diagram 

(created by using only the outputs of the balanced photo detectors), the eight 

phase levels are clearly separated. When the amplitude component is taken into 

account and the 16QAM constellation is reconstructed, the 16 signal points are 

distinguishable and no sign of phase distortion due to the limited extinction 

ratio of the MZ modulator is evident. Regarding the upstream OOK signal, two 

detected eyes, for back to back and fiber transmission, at a received power of -

23 dBm are shown in Figure 5.32. There is no discernible degradation due to 

fiber transmission and minimal power penalty is again expected. 

 

 

Figure 5.29 Transmitted Star 16QAM eyes for different extinction ratios, 40Gb/s (a) 2 

dB (b) 2.65 dB (c) 3.25 dB (d) 3.9 dB 

 

Figure 5.30 BER vs. extinction ratio, Star 16QAM at 40 Gb/s 
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Figure 5.31 Received constellation diagrams, Star 16QAM at 40 Gb/s (a) differential (b) 

reconstructed 

 

Figure 5.32 Received eyes, OOK at 10 Gb/s (a) back to back (b) 25 km fiber 

The BER of the downstream Star 16QAM and upstream OOK signals as a 

function of the received power was measured by tuning the variable attenuators 

in front of the respective receivers. The obtained BER are shown in Figure 5.33 

and Figure 5.34. For the 40 Gb/s multilevel signal, a sensitivity of -31 dB is 

measured, assuming FEC. A power penalty of around 1 dBm is observed at a 

BER of 10
-4

. For the upstream OOK signal, a receiver sensitivity of -24 dBm 

and minimal power penalty are obtained, which are the same results from the 

experiment in Section 5.4.2, as expected. 
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Figure 5.33 BER vs. received power, Star 

16QAM at 40 Gb/s and 25 km of fiber 

 
 

Figure 5.34 BER vs. received power, 

OOK at 10 Gb/s and 25 km of fiber 

The experimental results validate the potential of high spectral efficiency 

modulation formats with differential detection to provide high bit rates in 

PONs. Again, the performance penalty of using balanced photo detectors with 

integrated TIAs instead of a pre-amplified receiver can be offset by increasing 

the launch power of the downstream channel. Considering a fiber input power 

of 0 dBm, a power budget of 31 dB is possible for the 40 Gb/s downstream 

signal. Such large power budgets at this bit rate are encountered in the literature 

typically only by employing coherent detection or in-line amplification. It has 

been demonstrated, therefore, that differential detection can provide an 

attractive trade-off between achievable receiver sensitivity and receiver and RN 

complexity. For a reach of 25 km, up to 256 users can be accommodated. If 

longer reach and very high splitting ratios are required, a Reach Extender in the 

RN can provide the necessary amplification. Compared to the 30 Gb/s D8PSK 

signal, a 2.5 dB penalty is observed. Such a penalty is reasonable, since the 

number of constellation points in Star 16QAM is double that of D8PSK. For the 

upstream, the analysis of Section 5.4.2 holds; if a state-of-the-art burst-mode 

receiver is utilized, the upstream channel will not limit the power budget. 

After evaluating the asymmetric OOK upstream scenario, the second 

experimental set-up was implemented, to investigate the performance of the 30 

Gb/s D8PSK upstream signal. As already explained, a ‘dummy’ 40 Gb/s Star 

16QAM was generated using the DSP-based transmitter configuration. A 

received eye and a constellation diagram of the D8PSK signal are shown in 

Figure 5.35. The two transitions of the DQSPK symbols are distinguishable in 

the received eye (since the third bit is encoded with a phase modulator, which 

has constant power, there is no third transition visible). Examining the 

constellation diagram, the eight points are clearly visible and no signs of 

degradation can be seen. 

The BER curve as a function of the received power for the upstream D8PSK 

signals can be seen in Figure 5.36. The measured receiver sensitivity, with FEC, 

is -34 dB. The power penalty over 25 km of fiber is less than 0.5 dB. Compared 
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with the BER curve obtained for the downstream 30 Gb/s D8PSK signal in 

Section 5.4.2, in this experiment an improvement in the sensitivity by 0.5 dB is 

observed. The reason behind the improvement is than in the upstream 

configuration, the DCF module is located in the receiver, while in the 

downstream configuration it is located before the booster amplifier. That results 

into a lower input power that increases the noise figure of the EDFA and 

reduces the OSNR of the signal. The reduction of the measured power penalty 

can be attributed to the further optimization of the set-up in this experiment. 

Finally, the optical spectra of D8PSK and Star 16QAM are displayed in Figure 

5.37. The two spectra are similar, but the Star 16QAM signals has a slightly 

larger 3-dB bandwidth (7.8 GHz) compared to D8PSK (6.25 GHz). For both 

signals, however, the significant reduction in bandwidth requirements afforded 

compared to OOK, for the same bit rate, is evident. 

 

 

Figure 5.35 D8PSK at 30 Gb/s over 25 km of fiber (a) received eye (b) received 

constellation diagram 

 

Figure 5.36 BER vs. received power, D8PSK at 30 Gb/s and 25 km of fiber 
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Figure 5.37 Optical spectra (a) D8PSK (b) Star 16QAM 

The results indicate that D8PSK can efficiently scale the upstream bit rate in 

future PONs. A power budget of 34 dB is available, which means that when a 

Star 16QAM signal at 40 Gb/s is used in the downstream, the upstream channel 

does not limit the reach and splitting ratio of the system. Furthermore, in the CO 

optical pre-amplification is feasible, since the receiver is shared among all the 

PON users. However, two important points need to be addressed regarding the 

implementation of multilevel modulation in the upstream of a TDM-PON; the 

first one concerns the availability and performance of a burst-mode multilevel 

receiver and the second one concerns the feasibility of such a complex 

multilevel transmitter to be located in ONUs. 

The detection of multilevel signals requires very linear photodiodes and 

TIAs. In addition, a large dynamic range and fast recovery is necessary, when 

the receiver has to detect upstream data in a TDMA scheme. Due to the 

popularity of coherent multilevel signaling, very linear photo diodes have been 

presented [152].  In the context of access networks, a linear APD-TIA receiver 

with 10 dB dynamic range capable of detecting 4-PAM signals has been 

demonstrated [107]. It is evident then that a burst-mode differential receiver is 

within the capabilities of the state-of-the-art. Furthermore, in the case DSP-

based detection of multilevel signals, there is no need for automatic gain 

control, since the amplitude of every burst can be normalized in the digital 

domain. A last issue in the burst-mode operation of a multilevel receiver is the 

effect on the signal processing algorithms implemented. Relevant work 

undertaken for wavelength-tunable burst-mode coherent receivers has shown a 

convergence time of Constant-Modulus Algorithm (CMA), a key algorithm for 

coherent receivers with polarization multiplexing, leading to BER lower than 

the FEC limit of under 150 ns [153]. An implementation penalty of 2-3 dB was 

observed. In the context of digital incoherent receivers in access networks, 

where there is no wavelength switching or polarization multiplexing, even 

shorter switching times and lower power penalties are expected. It is clear from 
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the above that high-performance burst-mode digital incoherent receivers for 

access networks are possible. 

The second issue that is important in the proposed upstream channel is 

complexity and ultimately cost. The D8PSK transmitter in Figure 5.28 utilizes 

an ECL as a laser source, two modulators for the upconversion of the 

waveforms in the optical domain and an EDFA to act as a booster before 

launching into the fiber. Clearly, such a configuration is not attractive for access 

networks. However, complexity can be significantly reduced, compared to this 

proof-of-principle demonstration. Firstly, the ECL can be replaced by a DFB 

laser. It has been shown theoretically that, when operating in the BER region 

close to the FEC limit, D8PSK is more tolerant to linewidth [139]. The 

linewidth value that causes 1 dB penalty at 10 Gsym/s is 1.44 MHz, meaning 

that DFB lasers are suitable laser sources for D8PSK. Furthermore, if the DSP-

based transmitter configuration is used, the phase modulator can be removed. 

Combined with the implementation of electronic dispersion compensation in the 

receiver in the CO, which will remove the need for the DCF, the losses in the 

network will be significantly reduced. That way, the EDFA in the ONU will no 

longer be necessary. The introduction of DACs and DSP in the ONU also adds 

complexity, but as already discussed in Section 3.4.5, for the moderate sampling 

rates required (10 Gsa/s) and with the potential of mass-market deployment, 

cost-efficient implementations can become possible. Finally, the last building 

block of the transmitter is the IQ modulator. High-speed integrated silicon 

Mach-Zehnder modulators have been demonstrated, including designs that 

incorporate DFB lasers [154]. Another approach combines LiNbO3 phase 

modulators with silica-based Planar Lightwave Circuits (PLC), enabling high-

speed operation and compact designs. A 64QAM transmitter has been shown 

with such a device [155]. Another advantage of this approach is that binary 

driving signals are used, removing the need for DACs. Summarizing, the 

introduction of electronic and optical integration can lead to cost-efficient 

implementations of multilevel transmitters for access networks. 

5.6 Algorithms for digital incoherent receivers 

The capability of digital signal processing to mitigate impairments, reduce 

complexity of the optical hardware and improve the BER performance of the 

received signals has been mentioned throughout this thesis as one of the 

advantages of DSP-based transceivers. In this Section, some of the 

functionalities that are fundamental to a digital incoherent receiver are 

presented and verified through a combination of simulations and experimental 

data [147]. Specifically, an algorithm that corrects the constellation rotation 
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caused by the misalignment of the wavelength of the incoming signal with 

respect to the periodic function of the delay-line demodulator is examined. 

Additionally, the performance of an orthogonalization procedure for 

compensating potential imbalance between the in-phase and quadrature 

components of the signal, based on the Gram-Schmidt algorithm, is evaluated 

on D8PSK. Finally, receiver sensitivity enhancement through means of data-

aided Multiple-Symbol Phase Estimation (MSPE) is explored. 

5.6.1 Wavelength misalignment compensation 

Incoherent receivers are based on delay-line MZ interferometers, as the ones 

used in the experiments presented in this thesis, or 90
0
 hybrids with a splitter 

and a delay line. The transfer function of both devices is a periodic function of 

the wavelength of the incoming signal. The output power of the four ports of an 

integrated differential demodulator based on a 90
0
 hybrid, which will be further 

discussed in Chapter 6, is shown in Figure 5.38. That means that in order for 

Eq. (3.9) to hold, the wavelength of the incoming signal must be aligned to 

maximum transmission point of output 1, or phase shifters can be applied to 

create the correct phase relations. Tuning the wavelength of the laser source is 

not generally an option in an actual system. Phase shifters are typically used in 

MZDIs to control the phase of the signal. However, in practical 

implementations active feedback loops must be used to make sure that there is 

no deviation from the optimal operating conditions, due to wavelength drifting 

or environmental variations. Furthermore, in integrated 90
0
 hybrids the 

inclusion of a phase shifter will increase the footprint of the device. 

Alternatively, the misalignment can be mitigated in the digital domain, by 

applying suitable algorithms, as proposed in [142]. With DSP-based 

compensation, active feedback loops are avoided, simplifying the receiver, and 

compact integrated 90
0
 hybrid-based implementations are enabled. 

 

 

Figure 5.38 Output power of the 90
0
 hybrid ports vs. wavelength, integrated 40 GHz 

differential demodulator 



110 5.6   Algorithms for digital incoherent receivers 

 

The effect of a misalignment of the phase shifts in the demodulator is a 

rotation in the constellation and its impact on phase pre-integration 16QAM was 

examined in Section 4.2.2. In mathematical terms, a phase shift is induced in the 

detected electrical signals. Repeating Eq. (4.4) for convenience, the outputs of 

the balanced detectors, with   being the unknown phase shift due to 

misalignment, will be: 
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The most important characteristic of the induced phase shift is that is slowly-

varying over time. That means that during every burst of data that is to be 

received by each ONU, the phase shift can be considered constant. That means 

that it has to be estimated at most once per transmission cycle. To simplify the 

processing required and to avoid cycle slips associated with blind estimation 

methods [91], a simple algorithm based on estimation of the phase shift using 

pilot symbols is proposed. More specifically, the algorithm uses N known 

symbols in the start of every transmission to estimate the phase shift. This is 

performed by computing the phase error between the received symbols and the 

pilot symbols and averaging it over the training length to reduce the influence of 

noise. The phase shift estimation   can thus be expressed as: 
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   (5.2) 

 

where ,k kr y are the received and pilot symbols at moment k, respectively. The 

receiver in the ONU can always keep track of the rotation by calculating the 

phase shift during the reception of traffic bursts that contain data of other users, 

but to reduce power consumption a sleep mode is envisioned during off-times 

[156]. That means that the phase shift estimation must take place every time 

that a burst of data is to be received by the ONU. Therefore, the number of pilot 

symbols that are required for a reliable estimation of the phase shift is 

important, to determine the overhead of the algorithm. To evaluate the 

performance of the algorithm, a model was developed in Matlab, simulating the 

detection of a D8PSK signal with AWGN and a random phase fluctuation on 

every symbol, to account for the effect of the laser phase noise. A random phase 
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shift, between ( , )    was inserted in both in-phase and quadrature 

components to model the constellation rotation. Three values for the length of 

the pilot sequence, 10, 50 and 100 symbols, are used in the simulations to 

estimate the phase shift as a function of the channel SNR. Two scenarios for the 

random phase fluctuation are chosen, a low one with a range of 0 0( 3 , 3 )  and a 

high one, with a range of 0 0( 10 , 10 )  . Translating these numbers into linewidth 

and assuming a symbol rate of 10 Gsym/s, the corresponding values are 1.44 

MHz and 16.2 MHz, for the low and high phase noise scenario, respectively. 

The simulation results giving the error of the phase estimation normalized over 

the actual phase shift are shown in Figure 5.39 and Figure 5.40. The SNR 

ranges from 15.5 dB, which corresponds to a BER of 35 10 , to 20.5 dB, which 

corresponds to a BER of 10
-5

. 

 

 
 

Figure 5.39 Phase error, low phase noise 

 
 

Figure 5.40 Phase error, high phase noise 

For the low phase noise case, it can be seen that for 50 and 100 symbols, the 

phase estimation error is kept below 1% even for low SNR values. For short 

pilot lengths of 10 symbols, the phase error approaches 1% at higher SNR 

values, but in any case it remains below 2%. For the high phase noise case, for 

50 symbols-long sequences the phase error is around 0.8%. For 10 symbols, 

phase error converges at around 1.2% at high SNR values. The longest 

sequence, 100 symbols, has a phase error of around 1% at high SNR. The 

reason that the longest sequence performs worse than the medium one at high 

phase noise values is a result of phase noise accumulation, which affects long 

sequences more [157]. On the other hand, very short sequences are more 

affected by ASE noise. For both phase noise cases, however, it has been shown 

that the phase error can be kept below 1% without introducing significant 

overhead in the data transmission. 

5.6.2 Q imbalance compensation 

In the previous analysis, it was assumed that the orthogonality between I and 

Q components is maintained. However, it may be the case that due to 
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imperfections of the demodulator, there might be deviations from the 

orthogonality. To alleviate this problem, orthogonalization algorithms can be 

used. A popular algorithm is the Gram-Schmidt procedure [158]. The Gram-

Schmidt procedure creates two orthonormal signals from two nonorthogonal 

signals by finding the correlation between them. Specifically, with ( ), ( )r rI t Q t

denoted as the received components and ( ), ( )O OI t Q t denoted as the new 

orthogonal components, the algorithm works as follows: 
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where ,I QP P are the means of the power of the received components and 

{ ( ) ( )}r rE I t Q t   is the correlation coefficient between them. 

To evaluate the performance of the Gram-Schmidt orthonormalization 

procedure for D8PSK signals, the simulation model developed in the previous 

Section is used, where the phase between the I and Q components is varied. A 

random phase shift in the constellation is still assumed and it is estimated using 

50 pilot symbols. In addition, phase noise is present. The BER of the 

uncompensated and the orthonormalized signals as a function of the deviation 

from orthogonality is shown in Figure 5.41. The reference signal has a BER of 

10
-4

 and the length of the sequence for the calculation of the correlation 

coefficient is 1000 symbols. It can be seen that if the imbalance is left 

uncompensated, a phase deviation of 10
0
 can incur significant power penalty. If 

the Gram-Schmidt algorithm is used, the power penalty of deviations as large as 

15
0
 can be reduced to less than 0.5 dB. Taking into account that the Optical 

Internetworking Forum (OIF) has a guideline of allowed phase errors in the 90
0
 

hybrid in the range of 
05  [159], it can be seen that the degradation due to IQ 

imbalance can be minimal. Furthermore, IQ imbalance and phase rotation 

compensation can be combined. Three simulated constellation diagrams of a 

signal with random phase rotation and 10
0
 IQ imbalance, before compensation, 

and after IQ and phase rotation compensation, are shown in Figure 5.42a-c. It 

can be seen that the compensated constellation has orthogonal IQ components 
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and has been rotated back to the correct position. Digital signal processing, 

therefore, can be instrumental in simplifying the receiver and relaxing the 

requirements on optical components, enabling cost-efficient multilevel receiver 

implementations. 

 

 

Figure 5.41 BER vs. IQ imbalance 

 

Figure 5.42 D8PSK simulated constellation diagrams (a) uncompensated (b) after IQ 

imbalance compensation (c) after phase rotation compensation 

5.6.3 Multiple symbol phase estimation 

The sensitivity of the receiver can be enhanced if the decision variable takes 

into account previous symbols to improve the available phase reference. Such 

data-aided techniques are well-known in wireless communications [160]. A 

generalized MSPE algorithm for DPSK and DPSK/APSK modulation formats 

in optical transmission has been presented in [161]. In this algorithm, the phase 

modulation of previous received symbols is removed and the symbols are used 

to create a more reliable phase reference. In mathematical terms, the improved 

decision variable ( )x n will be: 
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where u(n) is the received symbol, w is a forgetting factor, ( 1)P n is the 

detected power of the signal (in case of combined DPSK/ASK modulation 

formats), ( )n is the decoded phase for symbol n and m is the order of the 

DPSK format used. 

This algorithm was implemented in Matlab and was applied to the received 

data obtained in the experiments described in this Chapter. Specifically, the 

MSPE algorithm was used to improve the BER performance of the Star 

16QAM downstream signals at 10 and 40 Gb/s, as well as the 30 Gb/s D8PSK 

signals, both in the downstream (Section 5.4) and upstream (Section 5.5) 

experiments. The results are shown in Figure 5.43-Figure 5.46. At a reference 

BER point of 10
-4

, the range of improvement achieved by the MSPE algorithm 

is between 0.7 (for the 40 Gb/s Star 16QAM signal) and 1.1 dB (for the 30 Gb/s 

D8PSK downstream signal). This is in line with the results (also using 

experimental data) obtained from a different data-aided algorithm, presented in 

[162]. The MSPE algorithm can therefore be applied in digital incoherent 

receivers in order to provide an increased power margin in multilevel-based 

access networks, or mitigate the impact of any residual phase shift estimation 

errors from the algorithm presented in Section 5.6.1. It should be noted that Eq. 

(5.4) describes the analog implementation of the MSPE algorithm. For 

implementation with digital circuits, a finite number N of previous symbols is 

available. It has been shown that for DQPSK and for N=16, an improvement of 

2.1 dB (from simulation results), approaching the theoretical maximum, is 

achieved. For N=4 and N=8, the simulation-based improvement is 1.6 and 1.9 

dB, respectively [161]. It can be inferred from the above discussion that 

efficient digital implementations of the MSPE algorithm are possible without 

sacrificing achievable performance. 

 

 

Figure 5.43 BER for conventional and 

MSPE detection, Star 16QAM at 10 Gb/s 

 

Figure 5.44 BER for conventional and 

MSPE detection, Star 16QAM at 40 Gb/s 
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Figure 5.45 BER for conventional and 

MSPE detection, D8PSK at 30 Gb/s, 

downstream 

 

Figure 5.46 BER for conventional and 

MSPE detection, D8PSK at 30 Gb/s, 

upstream 

5.7 Discussion and comparison with simulation results 

Table 5 Experiment parameters 
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25/50 -/12.5 - 

Star 

16QAM/10 

Gb/s 

AWG balanced 25 2 + 

D8PSK/30 

Gb/s 

PPG balanced 25 - + 

Star 

16QAM/40 

Gb/s 

PPG balanced 25 - + 

D8PSK/30 

Gb/s 

upstream 

PPG balanced 25 - + 

 

In this Chapter, a number of system experiments employing D8PSK and Star 

16QAM have been presented in order to validate the potential of multilevel 

modulation, combined with differential detection, for Next-Generation PONs. 

The main parameters and results of the experiments presented in this Chapter 
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are summarized in two tables. In Table 5, the most important configuration and 

transmission parameters (signal generation and detection method, feeder and 

distribution fiber length and use of optical pre-amplification) for the multilevel 

formats that have been implemented are listed. In Table 6, the measured 

receiver sensitivities of the downstream and upstream channels from all the 

experiments conducted are listed. For the multilevel signals, 7% FEC is 

assumed, with the sensitivity measured at a BER of 10
-3

. For the OOK signals, 

receiver sensitivity is measured at a BER of 10
-9

. 

 
Table 6 Measured receiver sensitivities 

Experiment Pdownstream (dBm) Pupstream (dBm) 

D8PSK 7.5 Gb/s/ OOK 

2.5 Gb/s 

-13.5 -21 

Star 16QAM 10 Gb/s/ 

OOK 2.5 Gb/s 

-31.5 -22 

D8PSK 30 Gb/s/ OOK 

10 Gb/s 

-33.5 -24 

Star 16QAM 40 Gb/s/ 

OOK 10 Gb/s 

-31 -24 

Star 16QAM 40 Gb/s/ 

D8PSK 30 Gb/s 

- -34 

 

Results have shown that sufficient power budgets can be achieved to allow 

for high splitting ratios and increased reach, which are key demands of network 

operators, as laid out in Section 2.3.1. For the last experiment, demonstrating a 

40 Gb/s downstream and a 30 Gb/s upstream channel, a PON size of 128 users 

and 40 km reach are possible. With these system parameters, a guaranteed 

downstream bit rate of 312.5 Mb/s per user is available, not taking into account 

the statistical multiplexing gain afforded by dynamic bandwidth assignment 

algorithms. This bit rate is enough for the reception of one UHDTV channel, a 

number of HDTV channels and other popular applications simultaneously (as 

listed in Table 1). For the long-term evolution of PONs, a reduction of the 

splitting ratio to 32 users would provide guaranteed bit rates in excess of 1 Gb/s. 

For the upstream channel, the guaranteed bit rate per user is 78 and 234 Mb/s, 

for the 10 and 30 Gb/s implementation, respectively. The 10 Gb/s OOK channel 

is more than enough to satisfy current traffic demands. An upgrade to D8PSK 

can be envisioned in the long term, when bandwidth-demanding applications for 

the upstream channel develop. Moreover, the fiber length of 40 km can lead to 

over 90% reduction in the number of COs in the network [57], leading to 

significant capital and operating expenses savings. Furthermore, the Remote 
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Node remains passive, keeping the network deployment and management 

simple. The proposed PON can be further scaled by implementing a Reach 

Extender and wavelength stacking of independent TDM-PONs. An in-line 

amplifier and an AWG in the RN will allow reach up to 60 km and PON sizes 

in excess of 1024 users, further enabling node consolidation and reducing 

demand for actual feeder fiber deployment, which can significantly impact costs 

[57]. 

It is also interesting to see how the experimental results are comparing to the 

simulation results, employing phase pre-integration and coded 16QAM, 

presented in Chapter 4. The sensitivity of 10 Gb/s downstream phase pre-

integration 16QAM, at the FEC limit, was estimated in simulations to be -39.5 

dBm. From experimental results, the sensitivity of 10 Gb/s Star 16QAM, also 

encoding four bits per symbol, was found to be -31.5 dBm. The performance 

penalty therefore is 8 dB. However, in the simulations no electrical impairments 

were present; most importantly, no electrical noise or nonlinear response from 

the amplifiers in the transmitter and the receiver were accounted for, neither 

was any distortion due to the limited resolution of the DACs and ADCs. 

Furthermore, all optical components were operating in the optimal conditions, 

avoiding any power penalties from imperfections in the transmitter or receiver. 

Given the assumptions involved, and taking into account that in multilevel 

modulation formats the quality of the driving signals is of paramount 

importance, it can be maintained that 8 dB is a reasonable implementation 

penalty for signals with so high spectral efficiency. This can be further inferred 

from the fact that the penalty for moving from 10 Gb/s, with multilevel driving 

signals, to 40 Gb/s, with binary driving signals, using Star 16QAM was only 0.5 

dB. If high-quality multilevel signals can be provided, it can be expected that 

the implementation penalty at 10 Gb/s can be significantly reduced. 

Regarding the simulation results of coded 16QAM, it can be seen that is the 

worst performing modulation format of the four that have been investigated, 

due to the large number of points in the detected differential constellation 

diagram. 40 Gb/s upstream transmission could not be achieved error-free in the 

simulations, despite assuming no degradation of the signal quality due to the 

limited resolution of the DACs and ADCs or nonlinearity of the drivers. On the 

other hand, 30 Gb/s upstream transmission has been demonstrated 

experimentally with very good sensitivity and 40 Gb/s Star 16QAM upstream is 

definitely feasible. One difference with the experimental demonstration is that 

in the simulated set-up there is central provision of CW laser sources from the 

CO, which means that the coded 16QAM signal is loaded with noise from three 

amplifiers. Nevertheless, this reduction in the OSNR is not enough to explain 

the difference in the performance between D8SPK and Star 16QAM, on the one 

hand, and coded 16QAM, on the other hand. The main advantage of coded 
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16QAM is the ability to detect four bits per symbol using only two balanced 

photo detectors, discarding the extra photodiode and, more importantly, the 

extra ADC in the receiver. It is evident from the simulations and the 

experiments, however, that D8PSK with 33% higher symbol rate could achieve 

the same bit rate with the same receiver complexity and superior sensitivity. 

5.8 Summary 

In this Chapter, the experimental validation of advanced modulation formats, 

namely D8PSK and Star 16QAM, as enabling technologies for very high-speed 

future PONs has been presented. Results have shown that downstream bit rates 

up to 40 Gb/s and upstream bit rates up to 30 Gb/s with power budgets in excess 

of 30 dBm can be achieved. That way, high splitting ratios and increased reach 

can be supported without requiring complex coherent receivers, satisfying the 

main requirements set forth by network operators for Next-Generation PONs. 

Moreover, key DSP functionalities that can reduce the complexity of the 

receiver, increase its robustness to component imperfections and improve the 

system margin were examined through simulations and experimental data. 

Finally, the obtained experimental results were evaluated in terms of fulfilling 

NG-PON demands and compared with the simulation results of Chapter 4. 

 



 

Chapter 6 Experimental Validation of 

Integrated Incoherent Receivers 

 

 

 
In this Chapter, the evaluation of integrated devices that are essential for cost-

efficient multilevel incoherent receiver implementations is presented. Two 

devices have been assessed, a 40 GHz demodulator, based on a 90
0
 hybrid, and 

a complete integrated receiver, with 5 and 10 GHz variations. Both devices are 

fabricated on Silicon-On-Insulator (SOI) technology. After introducing the 

integration technology, the design of the devices is described. Finally, the 

experiments validating their performance with data transmission are presented 

and discussed. 

6.1 Integration technology and devices 

6.1.1 General technology overview 

There are three technologies for multilevel receiver implementations, free-

space optics, fiber optics and photonic integrated circuits (PICs). As already 

discussed in Section 3.2.1, photonic integrated circuits are preferable due to 

their scalability, small size and potential for high volume manufacturability and 

low cost [90]. A number of integration technologies have been used to develop 

receivers for advanced modulation formats. PICs can be further distinguished 

between monolithic technologies, either on InP or Si, and PLC-based 

technologies with hybrid integration [163]. Monolithic integration enables a 

compact optoelectronic front-end of the receiver. Moreover, lithographic 

connections allow for better control of the path delays and losses in the receiver, 

enabling the full potential of balanced detection [90]. For the aforementioned 

reasons, monolithic integration can prove advantageous in designing receivers 

for advanced modulation formats. 

Both coherent [164] and differential [165] receivers have been demonstrated 

in InP. The main advantage of InP receivers is that high-speed photodiodes and 
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light sources (important for coherent receivers) are possible in this material. 

However, silicon has some key advantages. Si waveguides exhibit lower losses 

than InP. Furthermore, Si can be used with large wafers, with a diameter of 200 

mm or even more [166]. Large wafers contain more devices and can reduce cost 

almost linearly to the area size. Additionally, Si does not require hermetic 

environment, reducing packaging costs, and can be oxidized, facilitating on-

wafer testing [166]. In general, silicon photonics enable re-use of existing 

infrastructure and research from electronic integration, together with 

sophisticated metrology and process control [154]. To provide high-speed, high-

performance detection elements, Ge photodiodes can be heterogeneously 

integrated on the Si wafer. From the above, it is evident that silicon can be used 

to implement low-cost, high-performance multilevel receivers. 

6.1.2 40 GHz integrated demodulator 

The first device tested was a differential demodulator operating at 40 GHz. 

The device was designed and fabricated in a co-operation between University of 

Malaga and Ghent University/IMEC [89]. The device consists of grating 

couplers for fiber-to-chip coupling, a splitter, a 25 ps delay line (resulting to 40 

GHz free spectral range) and the 90
0
 hybrid, implemented in SOI technology. 

The hybrid is the most critical structure of the design and is based on a 2x4 

MMI coupler. The functional diagram of the demodulator and the schematic of 

the MMI are shown in Figure 6.1 and Figure 6.2, respectively, with the inputs 

(1 and 2) and outputs (3, 4, 5 and 6) of the 2x4 MMI structure labeled. 

 

 

Figure 6.1 Integrated demodulator schematic 

 

Figure 6.2 MMI design [89] 
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MMI couplers are being extensively used in PICs due to their large 

bandwidth and relaxed fabrication tolerances. MMI-based 90
0
 hybrids have 

been demonstrated in both InP [167] and Si [90]. The high-index contrast of 

deeply etched waveguides on both platforms allows compact designs and tight 

waveguide curvature radii. On the other hand, the high-index contrast is not 

beneficial for high-performance MMIs. In high-index contrast waveguides, only 

the lower modes exhibit quadratically related propagation constants, which is 

essential for good imaging properties and low phase errors [89]. As a result, 

higher-order modes will suffer from strong phase errors, degrading the 

performance of the 90
0
 hybrid. 

The novelty of the MMI in this device is the direct coupling of a shallowly 

etched multimode region to deeply etched access waveguides. The shallowly 

etched multimode region reduces the index contrast, keeping the phase errors 

very low. On the other hand, the rest of the waveguides are deeply etched, 

allowing for small curvature radii. With this approach, good imaging quality 

and a small footprint for the 90
0
 hybrid are achieved. The device has already 

undergone CW measurements. The actual delay was measured to be 25.4 ps, 

which gives a very small error of 1.6% over the nominal value. The attenuation 

caused by the delay line to the delayed signal is 1.5 dB. The most important 

parameters of the hybrid are the Common Mode Rejection Ratio (CMRR) and 

the phase errors of the outputs. CMRR is defined as follows: 

 

3 6
10

3 6

20log
P P

CMRR
P P

 
  

 
 (6.1) 

 

3 6,P P are the powers of the respective outputs. When the CMRR for the 

quadrature component is calculated, the powers of outputs 4 and 5 are used. The 

phase errors are defined as the deviations from the expected phase difference 

between the outputs of the hybrid. Defining
i  as the relative phase with which 

the waves from inputs 1 and 2 combine at output i, the relevant phase errors of 

the hybrid are the following:
0

3 6 180   ,
0

5 4 180   and
0

6 5 90   . 

The first two error metrics show the quality of the balancing for the in-phase 

and quadrature signals, respectively, while the third error metric indicates the 

deviation from orthogonality between the in-phase and quadrature components. 

The measurements of these two key parameters (performed by the teams in 

Ghent and Malaga) are shown in Figure 6.3. It can be seen that CMRR is below 

-20 dBe for a range of 45 nm. The phase errors are kept within
05 , which is 

the guideline from OIF [159], for a wavelength range of 55 nm. The inset in 
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Figure 6.3a shows the relative amplitudes and phases with which the hybrid 

combines the waves from the two inputs at each output. The CW measurements 

have confirmed that the novel design of the MMI achieves simultaneously a 

small footprint and very good phase and common-mode rejection properties and 

can be used as a building block for differential receivers. 

 

 

Figure 6.3 (a) CMRR of the fabricated device as a function of wavelength (b) phase 

errors between the hybrid outputs as a function of wavelength [89] 

6.1.3 Integrated differential receiver 

The second device that was tested was a complete integrated differential 

receiver on SOI, including Ge balanced photo detectors [168]. The receiver was 

designed and fabricated by a number of external partners in the framework of 

EU FP7 Project HELIOS [169]. Integrated differential receivers based on 90
0
 

hybrids in Si have been presented in the literature [170], [171]. The advantage 

of this design is that it uses zero-biased photodiodes. That way, no decoupling 

capacitor is required, enabling compact devices. Moreover, the MMI-based 90
0
 



Experimental Validation of Integrated Incoherent Receivers 123 

 

hybrid discussed in the previous Section is used, further reducing the footprint 

of the device and ensuring very good phase properties. 

The device schematic and an optical photograph are shown in Figure 6.4a and 

b. The receiver consists of five components, which will be explained in some 

detail. A standard curved grating coupler is used as the input interface to the 

device. Since a spot size converter is not necessary, the standard coupler is 

ideal, as it enables a smaller chip size. After the coupler, a tunable power 

splitter is located. By being able to tune the ratio of the power that goes through 

the delay and the power of the signal that goes straight to the hybrid, a 

balancing of the two input powers can be achieved, which improves the 

performance of the receiver. The power splitter is implemented with a MZI 

switch, controllable by micro-heaters. The delay line consists of a spiral with 5 

μm bend radius. To ensure very low loss, adiabatic bendings are implemented. 

Two versions of the delay line were designed, for 5 and for 10G symbol rates. 

The footprint of the delay line spirals is 1.1 mm x 0.13 mm and 0.54 x 0.13 mm, 

respectively. The 90
0
 hybrid, as already mentioned, is the one described in 

Section 6.1.2, with proven CMRR and phase error performance. The footprint 

of the MMI is 0.14 mm x 0.02 mm. Finally, the outputs of the MMI are 

connected to two pairs of Ge balanced photo detectors. The balanced photo 

detector consists of two photodiodes connected in series, in a pinpin 

configuration. This configuration requires only one signal connection per pair, 

reducing wire bonding. As already, mentioned, the photodiodes operate with 

zero bias, further simplifying the receiver design. The photodiodes have 

extremely large bandwidth (at least 120 GHz [172]) and are quite short, having 

a length of 10 μm. 

 

 

Figure 6.4 Integrated differential receiver, 10 GHz (a) schematic (b) photograph [168] 
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The integrated receivers have undergone CW measurements, performed in 

Technical University of Valencia (UPV). The photodiode responsitivity was 

measured to be 1 A/W at 1550 nm using 0 to -2V bias, with a dark current of 

10nA. The measured transmission spectra for -3dBm input power are shown in 

Figure 6.5. For both the 5 GHz and 10 GHz receiver, the two outputs are 

perfectly 90
0
 phase shifted with respect to each other. The lower output current 

from the 5 GHz receiver is expected due to the longer delay line. 

 

 

Figure 6.5 Integrated differential receiver output current vs. wavelength [168] 

6.2 80 Gb/s DQPSK demodulation 

Using the 40 GHz integrated demodulator of Section 6.1.2, demodulation of 

very high speed differential signals was performed in Eindhoven University of 

Technology [173]. Due to the very high bandwidth of the demodulator, high-

order modulation formats could not be tested, since there was no suitable 

transmitter. For this reason, the demodulator was characterized with a 40 Gb/s 

binary DPSK signal. Since all the outputs could be tested by tuning the 

wavelength of the laser source, this experiment has also demonstrated the 

feasibility of 80 Gb/s DQPSK demodulation. 

The experimental set-up built to characterize the device is shown in Figure 

6.6. A tunable ECL, with a linewidth of 100 kHz, creates the CW signal which 

enters, after polarization control, the DPSK transmitter subsystem, where it is 

modulated in order to create the 40 Gb/s NRZ DPSK signal. The transmitter 

subsystem consists of a 50 Gb/s PPG and 44 Gb/s transmitter. The output power 

of the transmitter is fixed at -3 dBm. Then, the signal is inserted to a variable 

optical attenuator, where the received power is measured. Afterwards, the 

attenuated signal passes through two amplification stages (EDFAs) and is 
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launched into the chip with a fixed power of +17 dBm. High input power was 

necessary, in order to compensate for the coupling and on-chip losses, which 

were around 20-23 dB (approximately 6.5 dB from each of the grating coupler, 

6.5 dB insertion loss from the MMI, including splitting losses, and 1 dB 

propagation losses). A fiber array with 100 μm pitch was used to couple light in 

and out of the chip. The demodulated signal is coupled out of the device and is 

amplified by an EDFA to +7 dBm and filtered (to remove the excess ASE 

noise). The demodulated signal is detected by a balanced photo detector pair, 

which lacks an integrated TIA (the same used in the system experiments of 

Chapter 5). The lack of electrical post-amplification meant that optical 

amplification after the chip had to be employed, to ensure that the detected 

electrical signal had a voltage level above the sensitivity of the Error Analyzer 

(EA), which was 50 mV. To evaluate the demodulator, both balanced detection 

and single-ended detection of the outputs was performed. In the single-ended 

case, only one output is detected and the part of the receiver that is denoted with 

the dotted lines in Figure 6.6 was not used. 

 

 

Figure 6.6 Experimental set-up, integrated 40 GHz demodulator testing 

The demodulated optical eyes from every output after single-ended detection 

at 1540 nm are shown in Figure 6.7a-h. Both constructive and destructive eyes, 

by tuning the laser source wavelength, were captured for every output. The eyes 

are very clear for all outputs, indicating very good demodulation of the DPSK 

signal and good uniformity between the ports. Balanced detection was also 

performed for ports 3 and 6. Achieving balanced detection was challenging, 

since two EDFAs and relatively long fiber patch cords were inserted after the 

two outputs. As a result, the two signals that reached the balanced photo 

detector were misaligned. This meant that careful aligning of the bit pattern 

between the two optical signals through inserted patch cords and optical delays 

was necessary. For this reason, balanced detection was implemented only for 

one of the two output pairs. The detected eyes for 1540 and 1560 nm can be 

seen in Figure 6.8a-b. Due to the removal of the filter after the EDFA, which 

introduced further delay and inhibited the alignment of the two signals, the 

balanced eyes appear noisier. Some imperfections due to slightly uneven power 

reaching the balanced photo detectors can also be discerned. However, a clear 

eye opening is evident. 
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Figure 6.7 Demodulated 40 Gb/s DPSK eyes, single-ended detection at 1540 nm: (a), 

(c), (e), (g) constructive outputs, ports 3, 4, 5, 6 (b), (d), (f), (h) destructive outputs, 

ports 3, 4, 5, 6 
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Figure 6.8 Balanced detection of 40 Gb/s DPSK, outputs 3-6 (a) 1540 nm (b) 1560 nm 

To verify the performance of the device, BER measurements as a function of 

the received power for every output of the device, with single-ended detection, 

for a number of wavelengths were performed. The BER curves for 1535, 1550 

and 1565 nm are shown in Figure 6.9-Figure 6.11, obtained using a PRBS 

pattern length of 2
31

-1. From the results it can be seen that there is good 

uniformity between all the outputs of the device, with the exception of output 3 

in the 1565 nm measurement, which exhibits superior performance by three to 

four dB compared to the other three outputs. This discrepancy may be a result 

of unequal increase of phase errors at this wavelength, which is at the edge of 

optimal operation of the device (Figure 6.3b). As far as wavelength dependency 

is concerned, optimal performance is observed for the 1535-1550 nm range, 

with a small penalty for higher wavelengths. This is in agreement with the CW 

measurements, which indicated optimum performance up to a wavelength of 

1560 nm. After validating every individual 90
0
 hybrid output, experiments 

involving balanced detection of a pair of outputs were performed. Due to 

unequal path lengths after the device and the fact that the pulse length is quite 

short, there was a misalignment between the two bit streams that had to be 

corrected by inserting fiber patch cords and tunable optical delays, as already 

mentioned. That approach required a short pattern length, 2
7
-1, to enable the 

aligning of the bit stream through a scope. Despite the short pattern length, a 

quite accurate estimation of BER can be obtained, especially since no fiber 

transmission is involved [174]. The results of balanced detection for outputs 3 

and 6 for a number of wavelengths can be seen in Figure 6.12. An improvement 

over the single-ended case, as expected, can be clearly seen. A small 

wavelength dependency over a range of 30 nm, around 1 dB, can also be 

observed. The results prove the very good phase error properties of the novel 

MMI design and demonstrate low wavelength dependency. The potential of the 

demodulator as a building block for high-performance integrated differential 

receiver has been showcased. 
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Figure 6.9 BER vs. received power, 

single-ended detection, 1535 nm 

 
 

Figure 6.10 BER vs. received power, 

single-ended detection, 1550 nm 

 
 

Figure 6.11 BER vs. received power, 

single-ended detection, 1565 nm 

 
 

Figure 6.12 BER vs. received power, 

balanced detection, ports 3-6 

6.3 10 and 20 Gb/s DQPSK detection 

The integrated receivers were tested in a joint experiment between Eindhoven 

University of Technology and the Nanophotonics Technology Center (NTC), 

Technical University of Valencia (UPV). An experimental set-up was 

developed to characterize the 5 and 10 GHz integrated receivers introduced in 

Section 6.1.3 and is shown in Figure 6.13. These receivers are more suitable for 

access applications, since they operate at symbol rates of interest for the 

systems proposed in this thesis. A single fiber was used to couple light into the 

receiver, while RF probes, in a GSGSG configuration, were used to extract the 

detected electrical signals from the balanced photodiodes. Since the receiver 

was not packaged with TIAs, which reduced the sensitivity of the receiver, 

DQPSK instead of higher-order modulation formats was used to evaluate the 

device. The DQPSK signal is generated using the IQ modulator of Chapter 5, 

driven by the outputs of the PPG, appropriately decorrelated, aligned and 

amplified, with a PRBS of 2
13

-1. The DQPSK transmitted eyes at 5 and 10 GHz 

are shown in Figure 6.14. The generated DQPSK signal passes through a 

variable optical attenuator, which is the reference point for the received power, 
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and is amplified by an EDFA set at a constant output power of +16 dBm. Such 

high input power was necessary, since the detected signals are only amplified 

off-chip. Polarization control was also applied to the signal prior input to the 

chip. After detection, the electrical signals are transferred through the RF probes 

to two SHF 100APP amplifiers, the ones used in the system experiments, and 

then are sampled by the DPO for further processing off-line in Matlab. It should 

be noted again that no biasing was applied to the photodiodes. 

 

 

Figure 6.13 Experimental set-up, integrated 5 and 10 GHz receivers testing 

 

Figure 6.14 Transmitted DQPSK eyes (a) 5 GHz (b) 10 GHz 

A number of diced receiver chips have been evaluated with this test-bed. 

Unfortunately, some of the best samples, as indicated by preliminary 

measurements in UPV, were damaged before acquiring a full set of 

measurements. Nevertheless, significant experimental data were obtained. The 

captured length of the data was 100k symbols, as in Chapter 5. To estimate the 

BER when the received signal quality was good enough that no significant 

amount of errors was recorded, the EVM of the signal was used. The BER can 

be estimated by the following formula, calculated in [138] and experimentally 

validated in [137]: 
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M is the order of the modulation, L is the number of signal levels per quadrature 

and Q denotes the Q function. For QPSK, M is four and L is two. 

Starting with the 10 GHz devices, a detected eye and a constellation diagram 

obtained from sample C3R5 is shown in Figure 6.15. The received eye shows a 

clear opening, indicating a promising sample. However, the RF pads were 

damaged during the experiment. The constellation diagram, at -6 dBm input 

power, shown here is obtained after the damage. The signal is error-free 

(assuming FEC) for the captured length of data, with an EVM of 21.7%. The 

estimated BER of the signal is
6

2 10


 , which indicates that error-free operation 

without FEC could be achieved had the pads not been damaged. 

 

 

Figure 6.15 C3R5, 10 GHz sample (a) detected eye (b) constellation diagram 

A second 10 GHz receiver was also tested (sample C6R11). Preliminary 

measurements had shown that only one balanced photo detector was operating 

well enough. A detected eye and a constellation diagram at a received power of 

-12 dBm are shown in Figure 6.16. The constellation diagram was created by 

taking two separate measurements of the I and Q components using the better-

performing balanced photo detector, by tuning the wavelength of the ECL. 

Compared to the constellation of the previous device (Figure 6.15), the signal is 

less noisy. Some symbol-dependent noise remains in this constellation. A 

reference constellation diagram, measured by the discrete receiver used in 

Chapter 5, is shown for comparison in Figure 6.16c. The same symbol-

dependent noise can be observed in the reference constellation, showing that it 

is not an artifact caused by the integrated receiver and it originates with the 

transmitted signal. The EVM of the constellation is measured to be 19.57% and 

the corresponding BER estimate is
7

1.7 10


 . 

For this receiver, the constellation diagram using both balanced detectors was 

also captured (Figure 6.17). Unfortunately, due to some problems with the 
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original set of RF probes used, the contact pads of the photo detectors were 

damaged during the experiment. As a result, the captured signals were 

significantly noisier than the ones shown in Figure 6.16. A constellation 

diagram, at a received power of -8 dBm, is shown. The increased noise is 

evident, as well as the difference between the two balanced photo detector pairs. 

The I component of the signal is significantly noisier than the Q component. 

The BER of the two components has been measured separately, due to their 

difference in performance. The best obtained BER for the in-phase signal was
4

3.3 10


 , while for the quadrature signal was
5

2 10


 . Although quite noisy due 

to the damaged pads, this constellation demonstrates the proof-of-principle of 

the zero-biased differential integrated receiver. 

 

 

Figure 6.16 C6R11, 10 GHz sample (a) detected eye (b) constellation diagram, single 

output (c) reference constellation diagram 

 

Figure 6.17 C6R11, 10 GHz sample constellation diagram, both outputs 

The final device that was measured was a 5 GHz receiver (sample C5R5). For 

this device, only one balanced photo detector was operational, but with very 

good performance. A detected eye and two constellation diagrams, at two 

different received powers, are shown in Figure 6.18. The detected eye is very 

open and the constellation for a received power of -19 dBm is remarkably good. 
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For a received power of -22 dBm, the increased noise loading on the signal is 

evident, but clear separation of the four points still exists. As very good signal 

quality was achieved with this device, the EVM as a function of the received 

power could be obtained and is shown in Figure 6.19. Based on the 

aforementioned EVM values, the estimated BER curve was produced and 

shown in Figure 6.20. Examining the EVM curve, a floor at an EVM value of 

around 12.5% is observed, which is a very satisfactory value. An even lower 

value could be achieved by implementing on-chip TIAs. A discontinuity in the 

EVM curve can be seen, which is also translated into the BER curve. The 

reason for the discontinuity is that, for input powers lower than -21 dBm, the 

EDFA can no longer amplify the signal to +16 dBm and reduced power reaches 

the balanced photo detectors.  As a result, the sampled signals are noisier. 

Examining the BER curve, the error floor is found to be 10
-15

, an extremely low 

value. For input power lower than -25 dBm, the EDFA stops amplifying. 

However, even at -25 dBm input power, the BER is lower than the FEC 

threshold. The actual measured BER values, for -23 to -25 dBm received power, 

are also shown in Figure 6.20. The measured BER results show close agreement 

with the values estimated from Eq. (6.2). 

The results indicate that very good performance can be expected from 

integrated differential receivers on SOI technology. Besides DQPSK, higher-

order modulation can also be supported. An EVM of 12.5%, translated into 

BER for D8PSK, results into a BER lower than 10
-5

 [137]. If on-board 

amplification is provided, by wire bonding the photo detectors to suitable TIAs 

on a PCB instead of extracting the signals with RF probes, even better 

performance and higher sensitivity can be expected. Combined with the low 

complexity of the design (no need for photodiode bias), the small footprint of 

the device and the promising cost-profile of silicon PICs, cost-efficient and 

high-performance incoherent receivers that can enable multilevel-based optical 

access networks are feasible. 

 

 

Figure 6.18 C5R5 sample, 5 GHz (a) detected eye (b) constellation diagram, -19 dBm 

(c) constellation diagram, -22 dBm 
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Figure 6.19 EVM vs. received power, 

C5R5 5 GHz 

 
 

Figure 6.20 BER vs. received power, 

C5R5 5 GHz 

The captured data from the characterization of the integrated receivers have 

also been used to experimentally validate the phase rotation compensation 

algorithm of Section 5.6.1. The I and Q components in the experiment described 

in the previous paragraphs were aligned by tuning the wavelength of the laser 

source, but some residual phase rotation and IQ imbalance still existed in the 

captured data. The well-known and experimentally validated Gram-Schmidt 

algorithm for IQ imbalance compensation, described in Section 5.6.2, and the 

proposed pilot symbol-based misalignment compensation algorithm, described 

in Section 5.6.1, were used for the mitigation of the aforementioned 

impairments. To visualize the effect of the impairment compensation, two sets 

of constellation diagrams are shown for samples C6R11 at 10 GHz and C5R5 at 

5 GHz, before compensation, after IQ imbalance compensation and after phase 

rotation compensation, in Figure 6.21 and Figure 6.22, respectively. For both 

receivers, the phase rotation is more apparent after IQ imbalance compensation, 

since the existence of both impairments gives the impression of a sufficiently 

well-aligned constellation. The ability of both algorithms to rectify the 

respective impairments is clearly visible. 

 

 

Figure 6.21 C6R11, 10 GHz constellation diagrams (red crosses indicate ideal 

constellation points) (a) before compensation b) after IQ imbalance compensation (c) 

after phase rotation compensation 
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Figure 6.22 C5R5, 5 GHz constellation diagrams (red crosses indicate ideal 

constellation points) (a) before compensation b) after IQ imbalance compensation (c) 

after phase rotation compensation 

To quantify the effect of the improvement afforded by the signal processing, 

the EVM of the received signal for the 5 GHz receiver as a function of the 

length of the pilot symbols, for a range of received powers, is shown in Figure 

6.23. The BER of the uncompensated signal, indicated as the value for 0 

symbols, and the best BER for every received power are also shown in the 

figure. The improvement in the BER can be dramatic; for -22 dBm, the 

compensated signal has an order of magnitude lower BER. Regarding the 

influence of the pilot symbols’ length, it can be seen that for lower EVM values, 

more symbols improve the estimation of the phase rotation. For less noisy 

signals, shorter pilot lengths can also provide very good phase estimation. 

 

 

Figure 6.23 EVM vs. pilot symbols length, C5R5 5 GHz receiver 
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6.4 Summary 

In this Chapter, integrated devices based on SOI technology that are 

instrumental for the development of cost-effective multilevel differential 

receivers have been evaluated. Firstly, a small-footprint differential 

demodulator based on a novel MMI-based 90
0
 hybrid has been tested, with 

results showing very good phase properties and operation over a large 

wavelength range. Secondly, differential receivers utilizing the aforementioned 

90
0
 hybrid and incorporating zero-biased Ge photodiodes have been extensively 

examined, with error-free DQPSK detection demonstrated at 10 and 20 Gb/s. 

The results showcased the potential of integrated Si receivers to become key 

building blocks for future PONs based on advanced modulation formats. 

Finally, experimental verification of the wavelength misalignment 

compensation algorithm was achieved, using detected data from the integrated 

receivers. 





 

Chapter 7 Conclusions and Future 

Work 

 

 

 

7.1 Conclusions 

In this thesis, the proposal to use advanced differential modulation formats 

with DSP-based transceivers to enable very-high-speed optical access networks 

has been put forward. Four multilevel modulation formats have been evaluated 

in this context, through simulation and experimental work. Furthermore, 

integrated devices that are important building blocks for multilevel differential 

receivers have been tested. 

Simulations have shown that 16QAM with phase pre-integration can achieve 

very good receiver sensitivity at 10 Gb/s for both downstream and upstream 

channels. Furthermore, results have indicated it is quite robust to typical 

receiver imperfections. Impairments on the electrical domain are expected to 

incur a significant implementation penalty, but sufficient margin is available. 

On the other hand, an extra signal processing step is required in the receiver, 

compared to more standard differential 16QAM formats. The practically analog 

nature of the driving and detected electrical signals requires very linear 

amplifiers and TIAs and high resolution DACs and ADCs. 

Coded square 16QAM enables detection of signals packing four bits per 

symbol using only two balanced photo detectors. To achieve that, very tight 

signal spacing is required in the received differential constellation, which 

increases the OSNR requirements. Simulation results have shown that error-free 

10 Gb/s transmission with FEC can be achieved for both downstream and 

upstream channels. At 40 Gb/s, only transmission over the downstream channel 

can be achieved error-free. The limited resolution of the DACs and ADCs will 

further limit the achievable bit rate. Coded 16QAM might be preferable in 
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application areas where high spectral efficiency and low complexity over a 

short reach is required. 

D8PSK offers lower spectral efficiency, encoding three bit per symbol, but 

has the highest sensitivity of all the examined formats, demonstrated 

experimentally at 30 Gb/s. The decoding based on phase thresholds make it 

particularly attractive when burst-mode operation is required, as in upstream 

TDMA-based channels. With a reasonable increase in the required bandwidth 

(33%), D8PSK can transmit the same bit rate as 16QAM formats with a simpler 

receiver, without need for amplitude detection, and higher sensitivity. It can be, 

therefore, an interesting solution where the best possible sensitivity is required 

and somewhat lower spectral efficiency can be tolerated. 

Star 16QAM exhibits a 3 dB power penalty compared to D8PSK on the same 

symbol rate (10 Gsym/s), but achieves 33% higher bit rate at a cost of increased 

receiver complexity. In a splitter-based access network, that means that half the 

users can be accommodated, compared to D8SPK. On the other hand, the bit 

rate per user is increased by 266% (compared to the bit rate offered by a D8PSK 

signal of the same symbol rate serving twice the number of users). Star 16QAM 

is ideal when very high guaranteed bit rates per user are demanded. Compared 

to phase pre-integration 16QAM, simpler signal processing is required, while 

higher sensitivity is expected. Among the 16QAM variations examined in this 

thesis, Star 16QAM offers the best combination of performance and 

complexity. 

From a system point of view, power budgets in excess of 30 dB have been 

achieved with a 40 Gb/s downstream and a 30 Gb/s upstream channel, with 

small power penalties observed. A fourfold increase of the bit rate in the 

downstream and threefold in the upstream over existing TDM-PON standards 

with very satisfactory power budgets is possible without requiring coherent 

detection or in-line amplification. Differential modulation formats can therefore 

enable a favorable trade-off between transceiver complexity and system 

performance. 256 users can be accommodated over a typical reach of 25 km, or 

a longer 40 km reach and 128 users can be chosen. Guaranteed downstream bit 

rates of around 160 and 320 Mb/s per user, respectively, with a high degree of 

aggregation are obtained. If very high bit rates per user are required, a splitting 

ratio of 32 or 64 users can be used and larger PON sizes can be achieved by 

means of WDM stacking of independent PONs. Upstream bit rates 25% and 

75% lower than the downstream are provided, for D8PSK and OOK modulation 

respectively. Different service levels and aggregation strategies can thus be 

accommodated through the same underlying transmission technology, providing 

flexibility to network operators. 

Regardless of the modulation format, digital signal processing has been 

shown to reduce complexity in the optical and analog electronic front-end of 
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differential receivers. No control of the phase of the incoming signal is required 

by inserting short pilot symbol sequences in the start of every transmission. The 

requirements on the orthogonality of I and Q components coming out of the 90
0
 

hybrid can be relaxed by applying an orthonormalization algorithm on the 

received data. The system margin can be increased by implementing multiple 

symbol phase estimation, which improves sensitivity up to 1.1 dB. Further 

functionalities, such as dispersion compensation and software-defined multi-

format transmission and detection, have been demonstrated in the literature. 

DSP-based transceivers can enable versatile, very-high speed future PONs, 

taking advantage of the mass-market oriented cost profile of silicon signal 

processing integrated circuits. 

Device designs that monolithically integrate the optical and optoelectronic 

front-end of the multilevel differential receiver in SOI have been evaluated. 

Error-free demodulation of DQPSK at 80 Gb/s and error-free detection at 10 

and 20 Gb/s has been demonstrated, with devices incorporating a 90
0
 hybrid 

with very good phase properties and zero-biased Ge photodiodes. High-

performance integrated differential receivers with minimum control complexity 

and compact size have been shown to be possible in silicon. The advantages of 

silicon photonics, mainly CMOS-compatibility, large wafers and decades of 

investment on electronic integration technology in this material platform, can be 

further exploited to provide the potential for low-cost, mass-produced integrated 

receivers. 

The general conclusion of this thesis is that multilevel modulation formats 

can enable the efficient scaling of the bit rate in future TDM-PONs without 

sacrificing the splitting ratio or the reach of the network. Combined with simple 

but effective digital signal processing and integrated differential receivers, cost-

efficient and high-performance multilevel-based Next-Generation Passive 

Optical Networks are possible. 

7.2 Future work 

Due to the extensive breadth of the work undertaken and the concurrent 

research on the broader field of advanced modulation formats, certain areas 

have been left unexplored or have recently appeared as potentially interesting 

directions for future research. The following topics could be covered: 

 

 Sensitivity assessment of an unamplified differential receiver with 

integrated linear TIAs 

 Performance evaluation of the differential receiver under burst-mode 

conditions 
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 Simpler implementations of the ONU-based multilevel transmitter 

combined with coherent detection in the CO as a cost-effective way 

of providing symmetric upstream bit rates 

 Packaging and testing of the integrated receiver with integrated TIAs 

on a PCB 

 Scaling the bit rate to even higher bit rates (e.g. 112 Gb/s with 28 

Gsym/s) 

 Implementation of a real-time multi-format transceiver with Field 

programmable Gate Arrays (FPGAs) incorporating all the required 

DSP 

 Demonstration of a long-reach, WDM-stacked multilevel-based PON 

to showcase the potential of the proposed formats to provide a 

scalable solution for future access networks 

 



 

Chapter 8 Outlook 

 

 

 
The field of optical access networks is very active from a research point of 

view, combined with worldwide commercial deployments and considerable 

impact in terms of economic development and societal issues in general. 

Telecom equipment vendors, network operators and governments in the 

municipal, regional and national level are involved in the decision making 

regarding PON standards (the first two) and deployments strategies and 

architectures (the last two). Based on the conclusions reached in this thesis and 

the ongoing technology trends in the area, some views on the direction of 

optical access networks will be presented. 

8.1 Architectural choices 

The vast majority of deployed PONs worldwide comprises of TDM-PONs. 

Multiplexing in the wavelength domain, either in parallel with TDM or 

exclusively in pure WDM-PON configuration, is seen as the next step in access 

networks. The combination of WDM and TDM is the most straightforward way 

of scaling the size of PONs. The introduction of colored components in the 

field, however, can be disruptive to current PON installations and potentially 

not compatible with current PON spectrum allocations. The wavelength-

agnostic property of the ODN can be preserved, if an increased loss budget can 

be sustained; however the spectrum allocation remains an issue in regions with 

legacy PON deployments. Nevertheless, it is the most cost-efficient solution 

and will be incorporated in the coming PON standards, in the form of four 

wavelength-multiplexed 10 Gb/s OOK streams [175]. Tunable transceivers will 

be required in the ONU, to avoid inventory issues and enable flexible allocation 

of wavelengths, but the actual implementation of these transceivers remains 

unspecified. 

Ultra-Dense WDM-PONs are advocated in conjunction with coherent 

receivers and splitter-based distribution networks. Very dense spacing and 

consequently a large number of users can be achieved, but the requirement of 
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two coherent receivers per user is problematic in terms of cost. Furthermore, the 

need to accommodate a coherent transceiver for every user in the CO creates 

power consumption and floor space availability issues. Moreover, traffic 

aggregation is due to happen in the network at some point; 1 Gb/s access link 

does not translate to an 1 Gb/s connection for every user throughout the 

transport network. On the other hand, the logical point-to-point architecture 

enabled can be attractive to some network operators. 

Another issue that is important is the business model of fiber deployment and 

service provision. Two extreme cases can be discerned, the closed one, where a 

vertically integrated operator deploys the fiber, provides the network connection 

and the on-top service, and the open one, where different providers can compete 

over an ‘open’ fiber network, possibly on both the network connection and the 

service layers [176]. Decisions on the business model of the fiber infrastructure 

can directly influence the network architecture. For example, wavelength 

multiplexing can be required in order to separate competing network providers. 

Such requirements can further complicate the selection of a ‘globally 

optimized’ network architecture and may necessitate a per-case approach. 

8.2 Line rate 

The introduction of WDM stacking in TDM-PONs does not address the issue 

of scaling the available bit rate per user, unless it is combined with a reduction 

in the equivalent splitting ratio per wavelength, which is not likely. The per-

wavelength bit rate will need to be eventually increased to provide bandwidth-

demanding applications (such as UHDTV) to users. OFDM is a potential 

candidate for the scaling of the bit rate. However, to achieve high receiver 

sensitivity a coherent receiver is required in the ONU. Furthermore, the 

OFDMA-based upstream channel will need guard bands to avoid interference 

between the subcarriers, which significantly reduce spectral efficiency. Simple 

modulation formats that can achieve better spectral efficiency than OOK, such 

as duobinary or 4-PAM, can enable cost-efficient implementations but reduced 

sensitivity limits the possible reach and splitting ratios of such systems at bit 

rates in the range of 40 Gb/s. Differential modulation formats, as the ones 

discussed in this thesis, can achieve a favorable compromise between 

transceiver complexity and available power budget, but their feasibility for 

access applications depends heavily on the evolution of electronic and photonic 

integration. It is clear there is no straightforward way of scaling the bit rate and 

the optimal choice will depend also on the chosen network architecture; if, for 

example, WDM stacking and wavelength-agnostic ODN are both desired, 

formats with high sensitivity will be required. If a prediction is to be made, it is 
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that the increased penetration of DSP in the photonic domain, principally in the 

long haul links, combined with the dependable scaling of silicon ASICs, will 

probably make DSP-based approaches viable for access networks in the 

medium- to long-term. 

8.3 The ‘future-proof’ future access network 

Network operators demand increased bit rate, splitting ratio and reach from 

Next-Generation PON systems, but they want to keep disruption to their already 

existing infrastructure to a minimum and more importantly, they require the 

same cost profile as successful previous PON standards (GPON, GEPON). A 

short-term scaling can be achieved by the introduction of WDM stacking. If 

very high bit rates per user are desirable, however, the resulting number of users 

served per wavelength will be very small, essentially approaching WDM-PONs. 

For the long-term evolution of PON standards, where high splitting ratios, long 

reach and high bit rates per user will be required at the same time, the paradigm 

of a purely passive, wavelength-agnostic distribution network with OOK 

modulation and direct detection is no longer sufficient. Advanced transmission 

and networking techniques borrowed from metro and core networks will need to 

be introduced in the access domain, suitably adapted. Already, the provision of 

tunable transceivers in the coming PON standards, for long avoided in the 

TDM-PON community, marks a shift towards that direction. It is expected that 

ONUs in these future PONs will not be able to be competitively priced, 

compared to GPON-based ONUs, unless optical amplification, possibly in more 

than one stage, is provided in the distribution network, which in effect transfers 

the cost from the ONU to the distribution network and increases OPEX. 

A wider view could be adopted, however, taking into account the Total Cost 

of Ownership (TCO) of the network. The more expensive ONUs can be 

subsidized by the operators, who can significantly reduce their CAPEX and 

OPEX by aggressively downsizing their Points of Presence (POP) and the 

amount of fiber laid and construction work needed. Such a network would also 

be better suited to address future trends in bandwidth requirements, for example 

by adding more wavelengths or increasing the modulation order. This is not an 

easy proposition to make, however, since it is often repeated that the Net 

Present Value (NPV) of ‘future-proof’ is zero. Nevertheless, the lack of 

deployments of 10 Gb/s PONs shows that the need for a more long-term, 

scalable solution, besides solely increased bandwidth, is acknowledged by 

operators [56]. 

On a more general note, optical access networks should be viewed as an 

extension of the traditional utilities- water, electricity and gas. The deployment 



144 8.3   The ‘future-proof’ future access network 

 

of scalable, very-high-speed access networks should be a priority for 

governments, to avoid a ‘digital divide’ and enable competitive, innovation-

based economies. Network operators can be hesitant to invest the billions of 

Euros necessary for large-scale fiber deployments in an uncertain economic 

climate and with long time scales of investment pay-offs. In addition, large 

existing investments on xDSL are another negative factor for many operators. 

Nevertheless, there are many added benefits that are enabled by FTTH systems 

that are not captured by the expected revenues of the network and service 

providers [177]. For these reasons, public sector initiatives can be crucial for the 

transition to an all-optical access network. Next-Generation Passive Optical 

Networks can have a positive transformative impact on societies and successful 

public-private cooperation will be needed to ensure that relevant technical 

advances are materialized in the field. 

 



 

Appendix A 

Fiber impairments and nonlinearities 

 

 

 
In this Appendix, the main linear and nonlinear impairments to a signal 

propagating through an optical fiber are presented. Linear impairments are 

further distinguished in attenuation and dispersion. 

A.1   Attenuation 

Attenuation in optical fibers is a fundamental limiting factor for optical 

communication systems, since it reduces the amount of optical power that 

reaches the receiver. The reach of an optical link, therefore, is limited by the 

fiber losses that can be accepted while achieving a received power higher than 

the sensitivity of the receiver. In optically amplified links, the spacing of the 

amplifiers is dictated by the losses in the span. To quantify the losses of power 

P, an attenuation parameter is used, which is defined as the relative power 

loss per unit of distance: 

 

dP
P

dz
   (A.1) 

L

out inP P e   (A.2) 

 

L is the link length. Typically,  is given in units of dB/km. 

Attenuation is wavelength dependent. The loss spectrum of a single-mode 

fiber, including the individual loss mechanisms, is shown in Figure A.1. The 

main contributions to attenuation are material absorption, Rayleigh scattering 

and waveguide imperfections [178]. 
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Figure A.1 Attenuation characteristics of a single-mode fiber [179] 

Material absorption covers the losses caused by fused silica (the material 

from which fibers are made), as well as losses caused by impurities in silica. 

The absorption losses in ultraviolet and infrared regions are caused by 

electronic and vibrational resonances of the silica (SiO2) molecules, 

respectively. The peak in attenuation around the 1390 nm region, which can be 

spotted in Figure A.1, is caused by water vapors (OH ions) in the fiber and is 

the most severe form of losses mechanisms due to impurities. Progress in fiber 

manufacturing means that ‘dry’ fibers, which don’t exhibit a water peak, have 

been developed [180]. With the removal of the water peak, WDM systems 

covering the entire 1300-1650 nm range are possible. 

Rayleigh scattering is the second main loss mechanism in fibers. It is caused 

by microscopic fluctuations of the density of the fiber, which lead to random 

fluctuations of the refractive index. The loss due to Rayleigh scattering depends 

on the wavelength and is given by the following formula, where C is a constant 

depending on the constituent of the fiber core: 
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For the main transmission wavelength at 1550 nm, Rayleigh attenuation is 

around 0.12-0.16 dB/km and constitutes the bulk of attenuation in that region. 

The last loss-inducing phenomenon in fiber is waveguide imperfections. 

These imperfections can be broadly categorized to core-cladding interface 

imperfections, macrobending and microbending losses. Core-cladding interface 

imperfections are mainly created by random core-radius variations and cause 

refractive index fluctuations, but they can be kept at a minimum (<0.03 dB/km). 

Macrobending can cause a portion of the light to escape the fiber, but the loss is 

negligible for a bending radius larger than 5 mm. Finally, microbending can be 

caused by pressing the fiber to non-smooth surfaces. This creates axial 

distortions and can lead to high losses, which can be minimized by careful fiber 

design. 

A.2   Dispersion 

Every pulse that propagates in an optical fiber suffers from pulse broadening, 

since the different spectral components of the signal travel with slightly 

different group velocities vg. This effect is known as Chromatic Dispersion or 

Group Velocity Dispersion (GVD). The temporal broadening T of the pulse 

after a fiber length L is given by: 
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, ,   are the propagation constant of the mode, the wavelength of the signal 

and the spectral width of the optical source, respectively. D is called the 

dispersion parameter, with units ps/km/nm, while
2 is known as the GVD 

parameter. Chromatic dispersion is a fundamental limitation to the reach of 

optical communication links, since pulse broadening can result into severe ISI 

for long fiber lengths and high symbol rates. 

It can be seen from Eq. (A.4) that D is wavelength-dependent. D can be 

expanded as: 
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where n is the effective refractive index. If the effective index is written as a 

function of the group index of the cladding material 2gn , the normalized 

frequency V and the normalized propagation constant b , Eq. (A.5) can be 

rewritten as: 
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The two constituents of dispersion parameter D in Eq. (A.6), DM and DW, are 

the material and wavelength dispersion, respectively. The material dispersion is 

a result of the dependency of the refractive index of silica to the optical 

frequency . On the other hand, waveguide dispersion depends on the 

parameters of the fiber, as seen in Eq. (A.6). That means that the fiber can be 

engineered in order to obtain the desirable dispersion profile. The two 

dispersion parameters plotted as function of the wavelength are shown in Figure 

A.2. It can be seen that material dispersion is positive for the typical telecom 

region, while waveguide dispersion is always negative. Three different profiles 

for the waveguide dispersion are shown: the conventional SMF profile, 

optimized for 1310 nm, a profile that leads to dispersion-flattened fiber over a 

large bandwidth, and a dispersion-shifted profile that is optimized for 1550 nm. 

It should be noted that even if D is zero for a given wavelength, dispersion is 

not totally avoided. Higher order dispersion occurs as a result of the wavelength 

dependence of D. This effect can be quantified by the dispersion slope S: 
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Figure A.2 Dispersion as a function of wavelength for SMF [179] 

Finally, dispersion can also be caused due to birefringence, as a result of 

imperfections to the cylindrical symmetry of the fiber. This phenomenon is 

called Polarization-Mode Dispersion (PMD). If the birefringence is random, the 

polarization states of the polarization components of the signals in the receiver 

will be random, as well as the polarization states of the spectral components of 

the pulses. This leads to pulse broadening; however, for pulse widths longer 

than 10 ps and fiber lengths in the order of 100 km, the effect is small enough 

that it can be safely ignored [178]. 

A.3   Nonlinear phenomena 

The confinement of relatively high optical power in the core of silica fibers 

over large distances gives rise to nonlinear effects that can prove detrimental for 

the performance of optical communication systems. The nonlinear phenomena 

are categorized into three main categories: stimulated light scattering, nonlinear 

phase modulation and four-wave mixing. In stimulated light scattering, photons 

are scattered to photons of lower energy, creating phonons with energy equal to 

the energy difference between the photons. This inelastic scattering is further 

subdivided to Stimulated Brillouin Scattering (SBS) and Stimulated Raman 

Scattering (SRS). Nonlinear phase modulation is a result of the power 

dependence of the refractive index of the material. Self-Phase Modulation 

(SPM) occurs when the power of the input signal affects its phase, while in 
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Cross-Phase Modulation (XPM) the optical power of co-propagating signals on 

different wavelengths affect the phase of the signal. Finally, in four-wave 

mixing three optical fields co-propagating in a fiber on different wavelengths 

create a fourth field on a wavelength that is a combination of the three 

wavelengths. 

 

Stimulated Brillouin Scattering creates an acoustic wave propagating on the 

opposite direction of the optical field, shifted by around 10 GHz. SBS is caused 

by the tendency of materials to compress in the presence of an electrical field. If 

a threshold power is exceeded, most of the power of the signal is reflected 

backwards. This means that SBS limits the possible input power in fiber-optic 

links. The threshold power can be estimated from the following formula: 
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In Eq. (A.8), effA is the effective core area, effL is the effective interaction length 

and
Bg is the SBS gain. The SBS threshold power can be in the range of a few 

mW, which means it can be a limiting factor in the allowed fiber input power of 

optical links. 

In Stimulated Raman Scattering, pump photons are scattered to photons of 

lower energy and therefore frequency, with the remaining energy being 

absorbed by the silica molecules, which will occupy a vibrational state. SRS 

occurs in both directions, unlike SBS. Also, the gain bandwidth of Raman gain 

exceeds 10 THz. Similar to SBS, the threshold power can be estimated: 
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In this case,
 Rg is the Raman gain. The threshold power for SRS is quite higher 

than the SBS threshold and can be in the range of 500 mW. Therefore, it is only 

important in WDM systems. The Raman gain mechanism is also exploited for 

amplification schemes in optical communication systems. 

The first type of nonlinear phase modulation, Self-Phase Modulation, is a 

result of the power dependence of the propagation constant  , as a result of the 

nonlinear term of the refractive index. A phase shift is induced to the signal, 

which is given by the following equation: 
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 is the nonlinear parameter and
2n is the nonlinear-index coefficient. This value 

is valid for one span; in optically-amplified links, the nonlinear shift 

accumulates and must be multiplied by the number of amplifiers. 

The second type of nonlinear phase modulation, Cross-Phase Modulation, is 

induced by the same mechanism but includes the power contributions of co-

propagating WDM channels. In this case, the phase shift for the jth channel will 

be: 
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It can be seen for Eq. (A.11) that the nonlinear phase shift depends on the power 

and the bit pattern of the co-propagating channels, which makes its calculation 

difficult. Typically, neighboring channels cause the most interference. 

The last important nonlinear effect that affects fiber-optic links is Four-Wave 

Mixing (FWM). In this phenomenon, when three optical fields are propagating 

in a fiber, a fourth field is generated at frequency that is: 

 

4 1 2 3       (A.12) 

 

This effect is a result of the third-order nonlinear susceptibility. In physical 

terms, two photons with energies
1 2,   are destroyed and two photons with 

energies
3 4,   are created. The effect of dispersion destroys the phase 

matching conditions that are necessary for the transfer of energy, so WDM 

systems can be designed that avoid FWM. On the other hand, due to its 

properties FWM is used for wavelength conversion and optical phase 

conjugation.
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