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RESUMEN 

 
 
 
 

El objetivo principal de esta tesis ha sido el diseño y la optimización de receptores 

implementados con fibra óptica, para ser usados en redes ópticas de alta velocidad que 

empleen formatos de modulación de fase. En los últimos años, los formatos de modulación de 

fase (Phase Shift keying, PSK) han captado gran atención debido a la mejora de sus 

prestaciones respecto a los formatos de modulación convencionales. Principalmente, 

presentan una mejora de la eficiencia espectral y una mayor tolerancia a la degradación de la 

señal causada por la dispersión cromática, la dispersión por modo de polarización y los 

efectos no-lineales en la fibra óptica. 

En este trabajo, se analizan en detalle los formatos PSK, incluyendo sus variantes de 

modulación de fase diferencial (Differential Phase Shift Keying, DPSK), en cuadratura 

(Differential Quadrature Phase Shift Keying, DQPSK) y multiplexación en polarización 

(Polarization Multiplexing Differential Quadrature Phase Shift Keying, PM-DQPSK), con la 

finalidad de diseñar y optimizar los receptores que permita su demodulación. Para ello, se han 

analizado y desarrollado nuevas estructuras que ofrecen una mejora en las prestaciones del 

receptor y una reducción de coste comparadas con las actualmente disponibles. 

Para la demodulación de señales DPSK, en esta tesis, se proponen dos nuevos receptores 

basados en un interferómetro en línea Mach-Zehnder (MZI) implementado con tecnología 

todo-fibra. El principio de funcionamiento de los MZI todo-fibra propuestos se asienta en la 

interferencia modal que se produce en una fibra multimodo (MMF) cuando se situada entre 

dos monomodo (SMF). Este tipo de configuración (monomodo-multimodo-monomodo, SMS) 

presenta un buen ratio de extinción interferente si la potencia acoplada en la fibra multimodo 

se reparte, principal y equitativamente, entre dos modos dominantes. Con este objetivo, se 

han estudiado y demostrado tanto teórica como experimentalmente dos nuevas estructuras 

SMS que mejoran el ratio de extinción. Una de las propuestas se basa en emplear una fibra 

multimodo de índice gradual cuyo perfil del índice de refracción presenta un hundimiento en 

su zona central. La otra consiste en una estructura SMS con las fibras desalineadas y donde la 

fibra multimodo es una fibra de índice gradual convencional. Para las dos estructuras, 

mediante el análisis teórico desarrollado, se ha demostrado que el 80 – 90% de la potencia de 

entrada se acopla a los dos modos dominantes de la fibra multimodo y se consigue una 

diferencia inferior al 10% entre ellos. También se ha demostrado experimentalmente que se 

puede obtener un ratio de extinción de al menos 12 dB. Con el objeto de demostrar la 

capacidad de estas estructuras para ser empleadas como demoduladores de señales DPSK, se 

han realizado numerosas simulaciones de un sistema de transmisión óptico completo y se ha 

analizado la calidad del receptor bajo diferentes perspectivas, tales como la sensibilidad, la 

tolerancia a un filtrado óptico severo o la tolerancia a las dispersiones cromática y por modo 

de polarización. En todos los casos se ha concluido que los receptores propuestos presentan 

rendimientos comparables a los obtenidos con receptores convencionales. 

En esta tesis, también se presenta un diseño alternativo para la implementación de un 

receptor DQPSK, basado en el uso de una fibra mantenedora de la polarización (PMF). A 
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través del análisi teórico y del desarrollo de simulaciones numéricas, se ha demostrado que el 

receptor DQPSK propuesto presenta prestaciones similares a los convencionales. Para 

complementar el trabajo realizado sobre el receptor DQPSK basado en PMF, se ha extendido 

el estudio de su principio de demodulación con el objeto de demodular señales PM-DQPSK, 

obteniendo como resultado la propuesta de una nueva estructura de demodulación. El 

receptor PM-DQPSK propuesto se basa en la estructura conjunta de una única línea de 

retardo junto con un rotador de polarización. Se ha analizado la calidad de los receptores 

DQPSK y PM-DQPSK bajo diferentes perspectivas, tales como la sensibilidad, la tolerancia a 

un filtrado óptico severo, la tolerancia a las dispersiones cromática y por modo de 

polarización o su comportamiento bajo condiciones no-ideales. En comparación con los 

receptores convencionales, nuestra propuesta exhibe prestaciones similares y además permite 

un diseño más simple que redunda en un coste potencialmente menor. 

En las redes de comunicaciones ópticas actuales se utiliza la tecnología de 

multimplexación en longitud de onda (WDM) que obliga al uso de filtros ópticos con bandas 

de paso lo más estrechas posibles y a emplear una serie de dispositivos que incorporan filtros 

en su arquitectura, tales como los multiplexores, demultiplexores, ROADMs, conmutadores y 

OXCs. Todos estos dispositivos conectados entre sí son equivalentes a una cadena de filtros 

cuyo ancho de banda se va haciendo cada vez más estrecho, llegando a distorsionar la forma 

de onda de las señales. Por esto, además de analizar el impacto del filtrado óptico en las 

señales de 40 Gbps DQPSK y 100 Gbps PM-DQPSK, este trabajo de tesis se completa 

estudiando qué tipo de filtro óptico minimiza las degradaciones causadas en la señal y 

analizando el número máximo de filtros concatenados que permiten mantener la calidad 

requerida al sistema. Se han estudiado y simulado cuatro tipos de filtros ópticos;Butterworth, 

Bessel, FBG y F-P. 

 

. 
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 ABSTRACT 

  

 

 

 

The objective of this thesis is the design and optimization of optical fiber-based phase shift 

keying (PSK) demodulators for high-bit-rate optical networks. PSK modulation formats have 

attracted significant attention in recent years, because of the better performance with respect 

to conventional modulation formats. Principally, PSK signals can improve spectrum 

efficiency and tolerate more signal degradation caused by chromatic dispersion, polarization 

mode dispersion and nonlinearities in the fiber.  

In this work, many PSK formats were analyzed in detail, including the variants of 

differential phase modulation (Differential Phase Shift Keying, DPSK), in quadrature 

(Differential Quadrature Phase Shift Keying, DQPSK) and polarization multiplexing 

(Polarization Multiplexing Differential Quadrature Phase Shift Keying, PM-DQPSK), in 

order to design and optimize receivers enabling demodulations. Therefore, novel structures, 

which offer good receiver performances and a reduction in cost compared to the current 

structures, have been analyzed and developed. 

Two novel receivers based on an all-fiber in-line Mach-Zehnder interferometer (MZI) 

were proposed for DPSK signal demodulation in this thesis. The operating principle of the 

all-fiber MZI is based on the modal interference that occurs in a multimode fiber (MMF) 

when it is located between two single-mode fibers (SMFs). This type of configuration 

(Single-mode-multimode-single-mode, SMS) can provide a good extinction ratio if the 

incoming power from the SMF could be coupled equally into two dominant modes excited in 

the MMF. In order to improve the interference extinction ratio, two novel SMS structures 

have been studied and demonstrated, theoretically and experimentally. One of the two 

proposed MZIs is based on a graded-index multimode fiber (MMF) with a central dip in the 

index profile, located between two single-mode fibers (SMFs). The other one is based on a 

conventional graded-index MMF mismatch spliced between two SMFs. Theoretical analysis 

has shown that, in these two schemes, 80 – 90% of the incoming power can be coupled into 

the two dominant modes exited in the MMF, and the power difference between them is only 

~10%. Experimental results show that interference extinction ratio of 12 dB could be 

obtained. In order to demonstrate the capacity of these two structures for use as DPSK signal 

demodulators, numerical simulations in a completed optical transmission system have been 

carried out, and the receiver quality has been analyzed under different perspectives, such as 

sensitivity, tolerance to severe optical filtering or tolerance to chromatic and polarization 

mode dispersion. In all cases, from the simulation results we can conclude that the two 

proposed receivers can provide performances comparable to conventional ones.  

In this thesis, an alternative design for the implementation of a DQPSK receiver, which is 

based on a polarization maintaining fiber (PMF), was also presented. To complement the 

work made for the PMF-based DQPSK receiver, the study of the demodulation principle has 

been extended to demodulate PM-DQPSK signals, resulting in the proposal of a novel 

demodulation structure. The proposed PM-DQPSK receiver is based on only one delay line 
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and a polarization rotator. The quality of the proposed DQPSK and PM-DQPSK receivers 

under different perspectives, such as sensitivity, tolerance to severe optical filtering, tolerance 

to chromatic dispersion and polarization mode dispersion, or behavior under non-ideal 

conditions. Compared with the conventional receivers, our proposals exhibit similar 

performances but allow a simpler design which can potentially reduce the cost.  

The wavelength division multiplexing (WDM) technology used in current optical 

communications networks requires the use of optical filters with a passband as narrow as 

possible, and the use of a series of devices that incorporate filters in their architecture, such as 

multiplexers, demultiplexers, switches, reconfigurable add-drop multiplexers (ROADMs) and 

optical cross-connects (OXCs). All these devices connected together are equivalent to a chain 

of filters whose bandwidth becomes increasingly narrow, resulting in distortion to the 

waveform of the signals. Therefore, in addition to analyzing the impact of optical filtering on 

signal of 40 Gbps DQPSK and 100 Gbps PM-DQPSK, we study which kind of optical filter 

minimizes the signal degradation and analyze the maximum number of concatenated filters 

for maintaining the required quality of the system. Four types of optical filters, including 

Butterworth, Bessel, FBG and FP, have studied and simulated. 
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Chapter 1 

 

 

1 INTRODUCTION 

 

 

 

 

1.1 Motivation 

With the development, in the last thirty years, of new semiconductor lasers, different types of 

modulation technologies, optical fibers and optical receivers, the speed and capacity of 

optical fiber-based telecommunications systems have increased around the world. A great 

deal of research work has been done in order to improve optical communications techniques 

towards the next generation of optical networks. The potential improvement in Spectrum 

Efficiency (SE), comparing to the on-off keying (OOK), and the popularity of coherent 

detection, brought phase modulation keying (PSK) signals back to people’s attention after 

2000 [Agra 10]. PSK signals have been widely studied and proposed to be used in optical 

networks, due to their improved sensitivity, high polarization mode dispersion (PMD) 

tolerance and robustness to nonlinearities [Ho 05]. In recent years, PSK signals combined 

with polarization multiplexing technology performing novel modulation formats such as PM-

QPSK, have attracted a great deal of attention. Moreover, the high SE and the compatibility 

with the 50-GHz International Telecommunication Union (ITU) grid and the 50 GHz-based 

reconfigurable optical add-drop multiplexer have make the 100 Gbps PM-QPSK be proposed 

for the next generation of optical networks [Pinc 11]. 

The optical receiver plays an essential role in optical transmission systems, since the 

transmission data, which is encoded on the amplitude, phase, frequency or polarization state 

of the optical carrier, can only be converted into the corresponding electrical data to be 

processed, through a proper optical receiver. Although the PSK signals are promising signals 

for optical communications systems, it is impossible to use the photodiodes to detect them 

directly, since the phase information will be lost during the detection process. Coherent 

detection, which makes use of a local oscillator (LO) laser serving as an absolute phase 

reference to recover the full electrical field, including both the amplitude and phase 

information [Ip 08], is the only way to detect PSK signals. Coherent detection makes the 
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receiver more tolerant to the system’s parameters, such as chromatic dispersion, PMD and 

nonlinearities, because the digital signal processing (DSP) used in coherent detection-based 

receivers can easily compensate these impairments. However, the use of an LO laser with a 

tight linewidth will increase the complexity of the receiver and subsequently, the cost. 

Moreover, in some DWDM networks cost is a determinant factor, which requires low-cost 

receivers for signal detection.  

Differential PSK (DPSK) modulation formats, in which the data is encoded in the phase 

difference between the adjacent symbols, are proposed for use in optical communications 

systems [Gnau 05], because of the feasibility of the use of direct detection in the receivers. 

The possibility of direct detection in the receiver will sharply reduce the total cost and make 

the receiver easy to implement. In general, a conventional Mach-Zehnder interferometer 

(MZI) is used as a DPSK signal demodulator; the incoming signal is divided into two parts. 

One of them experiences a one-bit delay serving as a reference signal to recover the original 

data, when the two parts meet again at the output. However, the sensitivity of the 

conventional MZI is easily affected by the environment, the temperature for instance. 

Although temperature control schemes can be used in the receiver to stabilize the receiver 

performance, it increases the receiver complexity, making its implementation difficult and 

increasing the cost.  

In recent years, all-fiber in-line MZIs have been studied and proposed to replace the 

conventional MZI, owing to the advantages of a simple design, easy manufacture and low-

cost.  All-fiber in-line MZIs are currently used in many different fields, such as a temperature 

sensor [Kuma 14], strain sensor [Trip 09], refractive index sensor [Shao 14], bandpass filter 

[Trip 10] and fiber lens [Moha 04]. In addition, some research has reported the application of 

the all-fiber in-line MZI as a DPSK demodulator [Lize 06, Du 10]. The advantages of the all-

fiber in-line MZI-based DPSK receiver, with respect to the conventional MZI-based DPSK 

receiver, are its simple implementation, polarization insensitivity and low cost.  

Due to the aforementioned need for the dramatically increased capacity in optical 

networks, new modulation formats such as differential quadrature phase shift keying 

(DQPSK) and polarization multiplexing DQPSK (PM-DQPSK) are successively proposed to 

satisfy this requirement. Compared to the DPSK signal, the spectral efficiency of the DQPSK 

and PM-DQPSK are increased 2 and 4 times respectively. Thus, the symbol rates of the 

DQPSK and PM-DQPSK signals are, respectively, ½ and ¼ as compared with the DPSK 

signal at the same bit rate, which make these two types of signal more tolerant to the PMD 

and narrow optical filtering [Winz 06]. Moreover, because the DQPSK and PM-DQPSK 

signals are actually the two expansions of a DPSK signal, direct detection can also be used in 

the receivers for detecting these two types of signal. However, as in the conventional MZI-

based DPSK receiver, the problem existing in the DPSK receiver also exists in the MZI-based 

DQPSK and PM-DQPSK receivers. In addition, the SE improvement by a factor of two using 

the PM-DQPSK compared to the DQPSK signal is at the price of polarization-sensitivity in 

the receiver [Lach 11], which usually requires a polarization control scheme to track the 

polarization state of the incoming signal. In recent years, some effort has been dedicated to 

the improvement in the direct detection-based DQPSK and PM-DQPSK receivers, such as 

the reported tunable DQPSK receiver [Chri 08] and the polarization-insensitive PM-DQPSK 

receiver [Chan 08]. 
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The optical nodes, such as reconfigurable optical add-drop multiplexers (ROADMs) and 

optical cross-connects (OXCs), designed for optical networks by taking the place of the 

optical-to-electrical-to-optical (O/E/O) regenerators to add, drop and switch channels from 

one fiber to another, can significantly reduce the total network cost [Rama 10]. Although 

transparent optical switching in ROADMs and OXCs can be cost efficient, one must take 

account of the optical signal impairments that can arise as the number of optical nodes 

increases. The optical signal impairments caused by optical nodes is mainly due to the optical 

filters contained in the nodes, and the impairments can be typically divided into two types: 

signal distortion from filter concatenation and filter-induced crosstalk. In order to optimize 

the performance of the optical networks, a lot of research has been carried out to look into the 

optical signal impairments originated by optical filters [Down 03, Tibu 10]. The optical filter-

induced signal impairment is determined by the optical filter types, filter bandwidth and 

optical signal types. 

1.2 Objectives 

The objective of this thesis is to design and optimize optical fiber-based phase shift keying 

(PSK) demodulators for high-bit-rate optical networks. The PSK modulation formats have 

attracted significant attention in recent years, since they can provide higher spectrum 

efficiency and higher tolerance to the signal degradation caused by chromatic dispersion, 

polarization mode dispersion and nonlinearities in the fiber with respect to conventional 

modulation formats. Different PSK formats will be studied, including DPSK, DQPSK and 

PM-DQPSK, in order to develop novel structures, which perform well and reduce the cost, 

for PSK signal demodulation. 

Two novel DPSK receivers based on an all-fiber in-line MZI device will be proposed. 

Given the working principle of the all-fiber MZI, which is based on the modal interference 

occurring in an MMF located between two SMFs, it will be known that a good interference 

extinction ratio (ER) can be acquired if the incoming power from the input-SMF could be 

equivalently coupled into two dominant modes in the MMF. With this objective in mind, two 

novel single-mode-multimode-single-mode (SMS) structures will be studied, theoretically 

and experimentally, for improving the interference ER. One of the two proposed MZIs is 

based on a graded-index MMF with a central dip in the index profile located between two 

SMFs, whilst the other one is based on a conventional graded-index MMF mismatch spliced 

between two SMFs. Experiments will be carried out to demonstrate the performance of these 

two proposed MZIs. In order to verify the capability of these two structures for DPSK signal 

demodulation, numerical simulations in a completed optical transmission system will be 

carried out, and the receiver quality will be evaluated under different perspectives, such as 

sensitivity, tolerance to severe optical filtering or tolerance to chromatic dispersion and 

polarization mode.  

An alternative DQPSK demodulator, which is based on a polarization maintaining fiber 

(PMF), will also be studied in this work. Moreover, to complement the work made for the 

PMF-based DQPSK receiver, the study of demodulation principle will be extended to 

demodulate PM-DQPSK signals. As a consequence, a novel PM-DQPSK receiver, which is 

based on only one delay line and an optical rotator, will be proposed. In order to evaluate the 
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proposed DQPSK and PM-DQPSK receivers, a series of numerical simulations will be 

reported, and the receiver performances will be assessed under different perspectives, such as 

sensitivity, tolerance to narrowband optical filtering, tolerance to chromatic dispersion and 

polarization mode, or behavior under non-ideal conditions. 

Additionally, to keep the signals propagating in the optical domain for as long as possible, 

a series of devices that incorporate optical filters in their architecture, such as ROADMs and 

OXCs, are required to be used in optical networks. These optical nodes incorporate several 

optical filters, e.g. wavelength selective switches and others. All these devices connected 

together are equivalent to a chain of filters whose bandwidth is becoming increasingly narrow, 

resulting in signal distortion. In order to minimize the signal degradation and evaluate the 

maximum number of cascaded filters permitted to be used in the networks, different types of 

optical filters, including Butterworth, Bessel, FBG and FP, will be studied through filter 

characteristics and numerical simulations. Simulations will be carried out in both single-

channel and multi-channel systems, using 40 Gbps DQPSK and 100 Gbps PM-DQPSK 

signals.    

1.3 Thesis structure 

The work of this thesis is structured as follows: 

 In Chapter 2, an overview of signal modulation formats for optical communications 

systems is given, including OOK, FSK, PolSK and PSK. The structure of the 

transmitter of each modulation format is presented, and the advantages and 

disadvantages of each format are also discussed. Among these formats, PSK attracts a 

lot of attraction because of its potential for improving the SE, as well as its increasing 

popularity in coherent detection. Attention is given to the Differential encoding-based 

PSK formats, e.g. DPSK, DQPSK and PM-DQPSK, due to the possibility of direct-

detection being used in the receivers. This, in fact, can make the receivers easy to 

implement and reduce the cost. Finally, a promising multilevel modulation format, 

QAM, which encodes the data in both the amplitude and phase of the optical carrier, 

is also introduced.  

 In Chapter 3, Delay demodulation (direct-detection) for PSK signals is reviewed in 

detail, including the working principle, advantages and disadvantages. Delay 

demodulation-based receivers for detecting DPSK, DQPSK and PM-DQPSK signals 

are also introduced. Then, a performance evaluation criterion for identifying the 

transmission performance is presented. This includes bit-error rate, receiver sensitivity, 

optical signal-to-noise ratio and eye opening penalty. Finally, the relationship between 

the different performance evaluation criteria is discussed briefly.  

 Chapter 4 presents the work carried out on the study of two novel all-fiber, in-line 

MZIs [Chen 13a, Chen 14a, Chen 15a]. One is based on a graded-index MMF, which 

has a central dip in its index profile, located between two SMFs. In this scheme, 

interference mainly takes place between the excited LP01 and LP02 modes in the MMF. 

The other is based on a graded-index MMF mismatch spliced between two SMFs, and 
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interference mainly takes place between the dominant LP01 and LP11 modes in the 

MMF. The structures of these two schemes are presented and the corresponding 

working principles are discussed theoretically. Some numerical calculations are made 

to simulate the transmission spectrums, and experiments are carried out to 

demonstrate that these two schemes can work as quasi-MZIs. 

 In Chapter 5, the application of the two proposed all-fiber in-line MZIs as a DPSK 

signal demodulator is reported [Chen 13a, Chen 14a ,Chen 15a]. The operating 

principle of the proposed receivers is described compared with the conventional 

DPSK receiver built with two optical couplers. A series of simulations, including 

receiver sensitivity, narrow optical filtering and, tolerance to chromatic dispersion and 

polarization mode dispersion, are carried out to evaluate the performance of the two 

proposed receivers. The advantages and disadvantages are also given in comparison 

with the conventional DPSK receiver. 

 In Chapter 6, the designs of an alternative DQPSK receiver, which is based on an 

SMF, and a PM-DQPSK receiver [Chen 14c], which, in turn, is based on a delay line 

and a polarization rotator, are presented. The demodulated principles of these two 

schemes are discussed in theory. A series of simulations, through sensitivity, narrow 

optical filtering, tolerance to chromatic dispersion and polarization mode dispersion, 

and non-ideal behaviors of optical components, are carried out to evaluate the 

performance of the proposed DQPSK and PM-DQPSK receivers. Finally, discussion 

results, compared with the conventional DQPSK and PM-DQPSK receivers, are 

presented. 

 In Chapter 7, the impact of the optical filter on DQPSK and PM-DQPSK signals is 

looked into [Chen 13b, Chen 14b ,Chen 15b]. Four types of optical filters, including 

Butterworth, Bessel, F-P and FBG, are studied theoretically through transfer function, 

filter concatenation effect and filter-induced crosstalk. A series of simulations are 

carried out in single-channel systems to investigate the filter concatenation effect-

induced optical signal impairments, using both 40 Gbps DQPSK and 100 Gbps PM-

DQPSK signals. Finally, total signal penalties caused by these four types of optical 

filters in multi-channel systems are simulated using the 100 Gbps PM-DQPSK signals. 

Simulation results are discussed and compared with the single-channel case.  

 In Chapter 8, the main conclusions of this thesis are summarized and the possible 

directions for future work are presented. 
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Chapter 2 

 

 

2 MODULATION FORMATS FOR OPTICAL COMMUNICATIONS 

 

 

 

 

2.1 Introduction 

In optical communications systems, as well as other digital communications systems, a key 

role is the modulation of a transmitted signal, modulating information on optical carriers. 

Modulation formats used in optical communications systems is similar to that used in radio 

frequency (RF) communications systems: amplitude, phase and frequency of an optical 

carrier can be used to carry information.  

Two types of modulation technologies can usually be applied to achieve signal modulation 

in optical communications systems: direct modulation and external modulation. In the direct 

modulation scheme, the drive current to a directly modulated laser (DML) is varied with the 

data to be transmitted. In general, the DML itself is biased close to its threshold and driven by 

the electrical bit stream that increases the applied current considerably above the threshold to 

create optical pulses to represent the digital stream. When the driven current is higher than 

the laser threshold, laser light is emitted, representing bits "1"; when the driven current is 

lower than the laser threshold, no light is emitted, representing bits “0”. DML is the simplest 

way of generating intensity modulation signals. Moreover, because of the compact and low-

cost, DML is allowed to be integrated in the optical-electrical circuits. 

In the external modulation scheme, transmitted data is modulated in optical carriers by an 

external modulator such as a Mach-Zehnder modulator (MZM) or an electroabsorption 

modulator (EAM), which is placed next to the continuous wave (CW) laser. Because of low 

frequency chirp, external modulation is usually used in high speed optical systems. More 

details on these two types of modulation technology can be read in Agrawal [Agra 10] 

Thanks to optical modulation technology, information can be modulated in optical carriers, 

transmitting in optical systems. Based on the modulated variables, modulation formats can be 

divided into several types, such as amplitude shift keying (ASK), phase shift keying (PSK) 
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and frequency shift keying (FSK). The ASK format is the simplest modulation format and 

can be implemented using either direct or external modulation technologies. However, the 

bandwidth efficient of the ASK is very low. It is usually lower than 1 b/s/Hz. The use of FSK 

and PSK formats was proposed for optical systems during the 1980s [Link 88], but these 

formats were very nearly abandoned during the 1990s due to the complexities associated with 

the receiver. This situation changed after 2000, because of the potentially improved spectral 

efficiency (SE) of PSK signals and the increased popularity of coherent detection [Ho 05].  

In addition to amplitude, phase and frequency, polarization states of an optical carrier can 

also be used for signals modulation, generating polarization shift keying (PolSK) signals. 

Moreover, polarization states can also be used to multiplex other types of optical signal [Winz 

06], producing novel signals, e.g. PM-(D)QPSK. In this method, the SE can be improved by a 

factor of two. In recent years, polarization multiplexing-based modulation formats have been 

widely studied for high-bit-rate optical communications networks. Multilevel modulation 

formats [Lach 11], such as quadrature amplitude modulation (QAM) which encodes 

information in both the amplitude and phase of an optical carrier for further improving the SE, 

have also been studied and proposed for next-generation optical networks.  

Several frequently used optical modulation formats will be reviewed in Section 2.2, 

together with some advanced ones.  A summary is given in Section 2.3. 

2.2 Optical modulation formats 

As RF communications systems, several physical variables, such as amplitude, phase, 

frequency and polarization states, can be modulated to encode the data in the optical carrier. 

The optical carrier wave before modulation is usually written as 

                                       (2.2.1)  

where E is the electric field vector, A is the amplitude,    is the polarization unit vector,    is 

the carrier frequency and   is the original phase. It is shown in Eq. (2.2.1) that the 

parameters A,    and   can obviously be used to modulate the transmitted data, respectively 

corresponding to three modulation choices of amplitude modulation (AM), frequency 

modulation (FM) and phase modulation in the case of analog modulation. The same 

modulation techniques can also be applied in the digital case and are called ASK, FSK, and 

PSK, depending on whether the amplitude, frequency, or phase of the optical carrier is shifted 

between the two levels of a binary digital signal, which can be seen in Fig. 2.2.1. Among 

these modulation techniques, ASK is the simplest modulation technique. Because digital data 

is simply represented as the presence or absence of power, ASK is sometimes called on-off 

keying (OOK), reflecting its on-off nature. In the past thirty years, OOK modulation formats 

have been commonly used for non-coherent optical communications systems. 

Study of FSK and PSK formats for coherent lightwave systems can be dated back to the 

1980s [Link 88]. These two types of modulation formats, however, were nearly abandoned 

during the 1990s due to the complexities associated with the receiver and the development of 

the optical amplifier technique. The situation changed after 2000 when it was realized that the 

spectral efficiency (SE) of the WDM systems can be improved using PSK modulation 
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formats, such as a (D)QPSK signal, whose SE is twice that of a non-return-to-zero (NRZ) 

signal. Moreover, with the use of balanced detection, the receiver sensitivity can be 

potentially improved [Ho 05]. For example, in comparison with a conventional NRZ signal, 

the sensitivity of a DPSK receiver with balanced detection is improved by 3-dB [Gnau 05]. In 

order to further improve the SE to satisfy the exponential increase in data, the polarization 

multiplexing technique, which encodes the data on both orthogonal polarization components 

of the optical carrier, is also proposed to be used in the modern lightwave systems to double 

the SE, such as PM-(D)QPSK. In addition, advanced modulation formats, QAM for example, 

in which information is encoded in both the amplitude and phase of the optical carrier have 

been studied in recent years [Lach 11]. Because of the ultra-high SE compared to the NRZ, 

they are proposed for next-generation of optical communications networks.  

 
Fig. 2.2.1. (a) An electrical bit stream and the resulting electric field patterns when it is converted into an optical 

domain using (b) ASK, (c) FSK, and (d) PSK modulation formats 

Fig. 2.2.2 shows the constellation diagrams of several types of modulation formats. The 

first two configurations, (a) and (b), represent the standard binary ASK and PSK formats, 

while (c) represents (D)QPSK format. In a (D)QPSK signal, each symbol contains two bits of 

information, resulting in the symbol rate being halved compared with the bit rate. The 

(D)QPSK, in fact, is a real multilevel modulation format. The constellation diagram in Fig. 

2.2.2 (d) shows another multilevel phase modulation format, 8-PSK, and Fig. 2.2.2 (e) details 

a rectangular 16-QAM. In the 16-QAM, each symbol carries 4 bits of information, which 

means that the symbol rate is only ¼ of the bit rate, and the SE is 4 times compared to the 

NRZ. The last constellation diagram shows the concept of a polarization multiplexing 

technique, through which the data is transmitted through two orthogonally polarized symbols 

simultaneously during each symbol slot. Fig. 2.2.2 (f) shows that each PM-(D)QPSK symbol 

carries 4 bits of information, doubling the SE in comparison to the (D)QPSK signals.   

The aforementioned modulation formats are only classified by physical variable. In fact, 

given the modulation technique, each category can be further divided into several concrete 

modulation formats. For instance, NRZ, RZ and DB are different modulation formats, but 
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they belong to the ASK format, due only to the amplitude is modulated in these three types of 

formats. In this section, most of the frequently encountered modulation formats, used in 

today’s or proposed for next-generation optical communications systems, will be reviewed. 

The corresponding constellation diagram, transmitter and receiver of each modulation format 

can be seen in Table 2.1.  

   
(a) (b) (c) 

  
 

(d) (e) (f) 

Fig. 2.2.2. Constellation diagrams for (a) ASK, (b) 2-PSK, (c) 4-PSK, (d) 8-PSK, (e) 8-PSK and (d) PM-QPSK 

Table 2.1 Modulation formats with their constellation diagram, transmitter and receiver architecture  

Modulation 

format 

Constellation 

diagram 
Transmitter Receiver 

NRZ 

1 bit/symbol 

 
  

RZ 

1 bit/symbol 

 
  

CSRZ 

1 bit/symbol 

 
  

Duobinary 

1 bit/symbol 

  

 

FSK 

1 bit/symbol 
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PolSK 

1 bit/symbol 

   

DPSK 

1bit/symbol 

   

DQPSK 

2 bits/symbol 

 

  

PM-DQPSK 

4 bits/symbol 

   

PM-M-QAM 

        

bits/symbol 

   

2.2.1  Amplitude modulation 

In telecommunications systems, amplitude modulation (AM) is also called intensity 

modulation (IM) as the variable in this type of modulation is shown in power. According to 

Eq. (2.2.1), the output optical power of a laser (A
2
) is modulated in accordance with the 

transmitted data while the frequency    and the phase    are kept constant. AM-based ASK 

formats are the simplest modulation formats, and have been widely used in non-coherent 

optical communications systems for many years. As the amplitude A is set to zero during the 

transmission of 0 bits under most practical conditions, ASK is thus called OOK for reflecting 

the on-off nature. Given the different modulation schemes, ASK formats can be divided into 

several concrete modulation formats, such as NRZ, RZ, CSRZ, duobinary and others. 

 Non-return-to-zero (NRZ-OOK or NRZ) 

The non-return-to-zero (NRZ) format is the simplest modulation format from among all 

optical modulation formats and has been widely used in optical communications systems for 

many years [Winz 06]. In this format, when signal “1” is transmitted, optical power occupies 

the full bit-time, whilst there is no optical power when the signal is “0”. Generally, an NRZ 

signal can be conveniently produced by a DML or an EAM or a chirp-free MZM. The NRZ 
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transmitter with a MZM is shown in Table 2.1. In this scheme, the MZM is usually biased at 

½ the drive voltage and is driven from minimum to maximum voltage with a voltage swing 

of Vπ, as shown in Fig. 2.2.3. This design can steepen the drive waveform and suppress the 

overshoots and ripple on conversion to optical power. Because the information modulated in 

an optical NRZ signal is only reflected in the change in the optical power, the NRZ receiver 

is very simple, and only a photodetector is needed to detect the intensity signal.  

 
(a) 

 
(b) 

Fig. 2.2.3. (a) Data modulation using an MZM for NRZ and DB, the MZM bias points are indicated by open 

circles; (b) The corresponding optical intensity waveforms [Winz 06]  

 
Fig. 2.2.4. Optical spectra and optical intensity eye diagrams of some intensity modulation formats: (a) NRZ; (b) 

RZ; (c) 67% CSRZ; (d) DB [Winz 06] 
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(a) 

 
(b) 

Fig. 2.2.5. (a) Sinusoidally driven MZM as pulse carver for 33% duty-cycle RZ, 50% duty cycle RZ, and 67% 

duty cycle CSRZ, the MZM bias points are indicated by an open circle; (b) The corresponding optical 

waveforms for 33% RZ, 50% RZ and CSRZ [Winz 06] 

Fig. 2.2.4 (a) shows the optical spectrum and the corresponding eye diagram of an NRZ 

signal. It can be seen that the signal spectrum is made up of a continuous portion, which 

reflects the shape of the individual NRZ data pulse, and the strong discrete tone at the carrier 

wavelength. Although there are some residual tones at other wavelengths, they are much 

weaker compared with the tone at the carrier wavelength, and can be ignored. 

The main advantage of the NRZ modulation format is the simplicity of the design and 

implementation, which make it widely used in WDM systems with bit rate below 10 Gb/s. 

Another advantage is that NRZ is very robust to fiber nonlinearity, resulting in it performing 

well at 10 Gb/s as long as optimized dispersion maps are used [Bigo 06]. It should be pointed 

out here that the tolerance to fiber nonlinearity depends largely on the system parameters, e.g. 

fiber type, transmission distance, channel spacing, signal power and others. The main 

drawback of NRZ is the low SE, which leads to low tolerance to narrowband optical filtering. 

In addition, its tolerance to chromatic dispersion (CD) and polarization mode dispersion 

(PMD) is also low. These disadvantages limit its application in high-speed and long-haul 

transmission systems.  

 Return-to-zero (RZ-OOK or RZ) 

Optical RZ is the format in which the signal returns to zero between each pulse, even if a 

number of consecutive 1-bit occur in the signal. This property makes RZ formats more 

conducive to clock recovery. Optical RZ signal has been proposed to take the place of the 

NRZ signal, due to the higher tolerance to optical signal to noise ratio (OSNR) sensitivity and 

PMD. RZ formats usually require 1-3 dB less OSNR for a given BER compared to NRZ 
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formats, even for identical receiver bandwidths [Winz 01]. This advantage can be understood 

from the reduction in the impact caused by the inter-symbol interference (ISI). However, this 

advantage comes at the expense of a broader optical spectrum, leading to tolerance to 

narrowband optical filtering and reduced CD. The broader spectrum, on the other hand, 

results in better performance in nonlinear transmission, especially at a bit rate of 10 Gbps and 

more [Essi 02].  

Generally, an RZ signal can be produced either by carving out pulses from an NRZ signal 

using an additional modulator, which is called a pulse carver, or by an electrical RZ drive 

signal directly modulating an optical carrier. A traditional RZ transmitter based on the former 

scheme can be seen in the Table 2.1. The first MZM is to generate an NRZ signal and the 

second MZM is used as a pulse carver to carve out pulses from the NRZ signal to produce an 

RZ signal. Nowadays, a pulse carver can be used at bit rate of 40 Gb/s or more [Pinc 11]. 

Although an EAM can also be used to carve the pulses, the variable absorption characteristic 

and the residual chirp limits its application as a pulse carver. There are usually three carving 

methods that can be used to generate RZ signals: 

1) An MZM can be sinusoidally driven at the data rate between the minimum and 

maximum transmission to generate an RZ signal with a duty cycle of 50%, as shown in 

Fig. 2.3.5 (a); 

2) An MZM can be sinusoidally driven at half of the data rate between its transmission 

minima to generate a RZ signal with a duty cycle of 33%, as shown in Fig. 2.3.5 (b); 

3) An MZM can be sinusoidally driven at half of the data rate between its transmission 

maxima to generate a RZ signal with a duty cycle of 67%, as shown in Fig. 2.3.5 (c). In 

this case, a π phase shift between the adjacent bits is induced. This type of RZ format 

also called carrier-suppressed RZ (CSRZ). This type of modulation format is discussed 

further in the following subsection. 

Fig. 2.2.5 (b) illustrates the waveforms of the 33% RZ, 50% RZ and 67% CSRZ while Fig. 

2.2.4 (b) and (c) shows the corresponding spectra. It obviously shows that RZ signals have 

lower SE compared to the NRZ signals.  

 Carrier-suppressed return-to-zero (CSRZ) 

As mentioned in the former subsection, CSRZ is one type of RZ format, and is most 

conveniently implemented by sinusoidally driving an MZM pulse carver at half the data rate 

between its transmission maxima. The optical field transfer function of an MZM, as shown in 

the dashed line in Fig. 2.2.1 (a), changes its sign in the transmission minimum, which induces 

a π phase shift between the adjacent bits. Therefore, the optical field of half the 1-bit has 

positive sign, while the other half has negative sign, leading to a zero-mean optical field 

envelope on average. Consequently, the optical carrier at the center frequency vanishes, 

giving the name to this format. Given that the optical phase in a CSRZ signal is periodic at 

half of the bit rate, the CSRZ spectrum exhibits characteristic tones at ± B/2, as shown in Fig. 

2.2.4 (c). 
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Thanks to the phase shift between the adjacent bits, which affects the successive pulses 

and slows down the pulse temporal spreading when CD is present, CSRZ is very robust to 

fiber nonlinearity, and this has caused it to be chosen for the first industrial implementation of 

40 Gb/s WDM transmission in 2002 [Pinc 06]. Moreover, the CSRZ also has advantages as a 

normal RZ format, such as high OSNR sensitivity and PMD tolerance.  

Although a duty cycle of 67% CSRZ signal is generated by a MZM, it is important to note 

that the duty cycle of CSRZ signals is usually different from those of a standard RZ, due to 

its most widely used practical implementation with MZMs. Hence, care should be taken 

when comparing the two formats, because some performance differences result from the 

carrier-suppressed nature of a CSRZ, while others simply arise from the different duty cycles. 

NRZ and RZ modulation formats can also be used in connection with almost any digital 

modulation format, such as NRZ/RZ-DPSK and NRZ/RZ-DQPSK. RZ formats usually 

provide 1-3 dB better OSNR sensitivity for a given BER compared to the NRZ formats. 

Although the CSRZ format has the carrier-suppressed effect when it is used independently, 

this effect does not come into play in the case of its use in conjunction with other modulation 

formats (e.g. DPSK). In this case, a CSRZ pulse carver only generates 67% duty cycle 

versions of the underlying modulation formats. However, the phase shift in the CSRZ will 

impact the data encoding in the format. For instance, a CSRZ pulse carver used to carve out a 

DPSK signal will generate a 67% duty cycle RZ-DPSK with inverted data logic. Therefore, 

in order to recover the original data, precoding in the transmitter or signal processing in the 

receiver should be applied.  

 Duobinary (DB) 

DB is a modulation format for transmitting data with bit rate of B but using a bandwidth of 

less than B/2 [Proa 07], resulting in improvement in SE compared with the NRZ. In optical 

communications, the DB format is also referred to as phase-shaped binary transmission 

(PSBT) [Penn 97] and phased amplitude-shift signaling (PASS) [Star 98]. Table 2.1 shows 

the structures of the DB transmitter and receiver. As can be seen, the receiver is the same as 

the NRZ, but the transmitter is a little more complicated compared to the NRZ transmitter. To 

generate an optical DB signal, the data should firstly be differentially precoded to prevent 

error propagation at the receiver [Kaba 75]. This precoded data leads to a change in every 0 

bit contained in the original data stream. Then, the precoded signal passes through a low-pass 

filter (LPF) to be converted into a three-level electrical signal for driving a chirp-free MZM 

between the transmission maxima, as visualized in Fig. 2.2.3 (a), where the outer levels 

generate the ±1 symbols and the center level generates the 0 symbol. The negative portion of 

the optical field is mapped on top of the positive portion when it is detected by a square-law 

photodetector. It should be noted that the electrical LPF used in the transmitter usually has a 

3-dB bandwidth of about 25% of the bit rate.   

Fig. 2.2.4 (d) shows the optical spectrum of a DB signal. It obviously shows that the 

spectrum of a DB signal is narrower than that of an NRZ signal at the same bit rate. Hence, 

the main advantage of DB signals is the improvement in SE, resulting in higher tolerance to 

narrowband optical filtering compared to the NRZ signals. This advantage renders the DB 

signals compliant with the 50 GHZ ITU grid and 50 GHz-based ROADMs in 40 Gb/s optical 
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transmission systems. Another advantage is that the DB signals are more resilient to CD than 

the NRZ signals. For example, at the 40 Gb/s optical communications systems, the CD 

tolerance of DB signals is 211 ps/nm, while that is only 54 ps/nm for the NRZ signals, with a 

2-dB OSNR penalty [Winz 06]. This property can be understood from the time-domain. The 

“1 0 1” bit stream is encoded as “+1 0 -1” using the DB format. If, due to CD or optical 

filtering, the two 1-bit pulses spread into the 0 bit between them, DB encoding leads to 

destructive interference, thus maintaining a low 0-bit level. In contrast, the conventional 

OOK formats, e.g. NRZ, let the two 1-bit pulses interfere constructively, thus raising the 0-bit 

level and closing the eye. Note, however, that the large CD tolerance of the DB over other 

OOK formats will be dramatically reduced after nonlinear transmission [Kais 00].  

The main drawback of DB is the 3-dB worsening of the OSNR sensitivity in comparison 

with the NRZ at the same BER, which limits the maximum transmission, and thus its interest 

in being applied in the ultra long-haul transmission systems [Pinc 11]. However, due to the 

benefits, DB has been proposed for use in the 40 Gb/s WDM optical networks by Stratalight 

(now Opnext) since 2005.  

2.2.2 Frequency modulation  

Frequency modulation (FM) is a modulation technique that codes the transmitted information 

on the optical carrier by shifting the carrier frequency    itself, as shown in Fig. 2.2.1 (c). 

For a binary digital signal,    takes two values,      , depending whether a 1 or 0 bit is 

transmitted. Based on (2.2.1), an FSK signal can be written as 

                        (2.2.2)  

Where the “+” and “-” signs correspond to 1 and 0 bits, respectively. The frequency shift 

         is usually called frequency deviation and the frequency difference,    , 

between the two modulated optical carriers is sometimes called tone spacing. The FSK signal 

can also be viewed as one type of PSK format, because (2.2.2) can be expressed as (2.2.3), 

where the variable of frequency for signal modulation can be seen as the optical phase. 

                         (2.2.3)  

In order to implement FSK, modulators with the capability to shift the frequency of the 

incident light are required. There are usually two types of external modulators that can be 

used for FSK modulation. The first one is the electro-optic effect-based LiNbO3 modulator, 

which can induce a phase shift proportional to the drive voltage. In this case, a triangular 

voltage pulse can be used as the drive voltage, since a linear phase change will generate a 

fixed frequency shift. The other one is the acousto-optic modulator, which is based on Bragg 

scattering from acoustic waves. The structure of this modulator is similar to that of the 

acoustic-optic filters used in the WDM communications systems. Note that the maximum 

frequency shift generated using these two types of modulators is typically limited to below 1 

GHz [Agra 02].  

In addition to the external modulators, FSK signals can also be easily produced using 
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DMLs. As discussed above, a change in the drive current of a semiconductor laser results in 

changes in both the amplitude and frequency of the emitted light. Unlike ASK, the 

disadvantage of the unexpected frequency shift of the emitted light can be used for generating 

FSK signals. Moreover, because the typical value of the frequency shift in a DML is 

~1GHz/Am, only a small current change is required to produce an FSK signal, and such a 

small current change hardly affects the amplitude change from bit to bit.  

Compared to ASK signals, the main advantage of FSK signals is the constant intensity, 

which makes them insensitive to amplitude variations in the channel, and compatible with 

non-linear transmitter and receiver systems. Additionally, FSK signals can also be detected 

based on the relative frequency changes between the symbol states, and thus an absolute 

frequency accuracy is not required, making FSK signals more tolerant to the local oscillator 

(LO) shift and the Doppler shift. The drawback of FSK signals (excluding minimum-shift 

keying (MSK) signals, where the tone spacing     is chosen to be B/2) is that they are 

slightly less bandwidth-efficient than ASK or PSK signals, and the BER performance is also 

worse than PSK signals. 

2.2.3 Polarization modulation  

Polarization modulation is a modulation method that exploits the vector characteristics of the 

propagating light to modulate information on both orthogonal polarization components, 

depending on “0” and “1” bits. In other words, the data is encoded by switching the 

polarization states of the transmitted lightwave. The principle of polarization shift keying 

(PoLSK) is shown in Fig. 2.2.6, and the PolSK transmitter and receiver are shown in Table 

2.1. In the transmitter, the incident light is first divided into two power-equal beams with 

orthogonal state in polarization by a polarization beam splitter (PBS). The y-component 

directly connects to another PBS, while the x-component is phase-modulated between 0 and π 

depending on the input data stream. When “0” is transmitted, no phase shift is induced on the 

optical carrier. When “1” is transmitted, a π phase shift is generated, resulting in a π/2 

polarization rotation in the optical carrier. Therefore, the binary data stream is encoded into 

the two orthogonal polarization states with a constant power. In the receiver, the PolSK signal 

is first demultiplexed by a PBS, and then each signal is directly detected by a photodetector.   

 
Fig. 2.2.6. Principle of polarization shift keying (PolSK) 

Although the PolSK has been studied for optical communications, it is not very attractive, 

because an active polarization management scheme is required at the receiver. This will make 
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the receiver much more complicated, thus increasing the cost, limiting its application in 

practical systems. Of course, if the PolSK signal can offer significant transmission 

advantages, such additional receiver complexity could be acceptable. On the subject of 

receiver sensitivity, PolSK signals show the same performance as the OOK signals. The 

polarization degree of freedom can also be used to improve the propagation properties of a 

non-PolSK format by line coding [Hodz 03]. Furthermore, with the increasing popularity of 

coherent detection, which is inherently polarization-sensitive and therefore typically 

implemented with polarization diversity at the receiver, the polarization dimension may be 

further exploited for the construction of modulation formats in the future. 

In addition to its use in data modulation, the polarization orthogonality can also be used as 

a multiplexing technique for signal multiplexing or channel multiplexing. In the case of 

signal multiplexing, two non-PolSK signals are polarization multiplexed in the same WDM 

frequency band, generating a polarization multiplexing signal, such as a PM-(D)QPSK signal. 

This can double the SE, increasing the capacity of the WDM networks. In the case of channel 

multiplexing, the polarization state of each WDM channel is perpendicular to the adjacent 

channels. This can avoid the inducement of WDM coherent crosstalk, because the coherent 

inference only occurs when the two optical fields have the same polarization. Nowadays, 

thanks to the development of coherent-detection, polarization multiplexing techniques can be 

used practically in optical communications networks.  

2.2.4 Phase modulation 

Phase modulation is a modulation technique that conveys information by changing the phase 

of an optical carrier, as shown in Fig. 2.2.1 (d). Compared with ASK signals, the main 

advantage of PSK signals is the constant intensity envelope, which makes them insensitive to 

amplitude variations in the channel. Moreover, the PSK signals can potentially improve the 

SE, resulting in an increase in the total capacity of the networks without changing the 

infrastructure. 

According to the finite number of phases used for transmitting data, PSK can be divided 

into 2-PSK, 4-PSK and 8-PSK, as the constellation diagrams in Fig. 2.2.2 (b), (c) and (d) 

show. Although any number of phases may be used to construct a PSK constellation, 8-PSK 

is usually the highest-order PSK constellation deployed. With more than 8 phases, the error-

rate becomes too high, and it is hard to use in practical systems. To further increase SE, both 

amplitude and phase are used to modulate the signal simultaneously, generating a new 

modulation format called quadrature amplitude modulation (QAM), which is briefly 

introduced in Section 2.3.5.  

Optical PSK signal is usually produced using one or more MZM, depending on the 

number of phases to be transmitted. At the receiver, coherent-detection is required for PSK 

signal demodulation, as all information would be lost if the optical signal were detected 

directly using direct-detection receivers. However, coherent-detection is much more 

complicated and costs more compared to direct-detection, as a narrow linewidth local 

oscillator (LO) is required. In order to solve this problem, differential encoded PSK 

modulation formats with a self-coherent receiver, which is also called a direct-detection 

receiver, are proposed, such as differential 2-PSK (DPSK) and differential 4-PSK (DQPSK) 
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formats. Because information is encoded on the phase difference between the adjacent bits in 

a differential encoded PSK signal, the optical channel-induced phase ambiguity existing in a 

normal PSK signal can be avoided. Nowadays, DPSK and DQPSK formats have been widely 

researched and used in long-haul optical communications systems. In this section, DPSK and 

DQPSK modulation formats are reviewed, together with the PM-DQPSK, which is the 

DQPSK combining with the polarization multiplexing technique. 

 Differential phase shift keying (DPSK) 

In the DPSK signal, binary data is encoded in both 0 and π optical phase shifts between the 

adjacent bits. For example, a 1 bit is represented by the presence of a phase shift of π, while a 

0 bit is encoded without a phase shift between the neighboring bits. In order to correctly 

demodulate a DPSK signal in the receiver, differential precoding is required in the transmitter, 

which is analog to a DB transmitter. Based on whether the optical power occupies each bit or 

appears as an optical pulse, DPSK can be divided into two categories: NRZ-DPSK and RZ-

DPSK.  

The most obvious benefit of DPSK formats compared to OOK formats is the 3-dB 

improvement in receiver sensitivity at a given BER [Gnau 05]. This improvement can be 

intuitively understood through the comparison between the constellations of DPSK and OOK, 

which is illustrated in Fig. 2.2.7. As can be seen, the symbol spacing in a DPSK signal is 

increased by a factor of    compared to an OOK signal, with the same average optical power. 

This increased symbol distance makes DPSK accept a    larger standard deviation in the 

optical field noise than OOK for a given BER, which can be translated into a 3-dB 

improvement in the required OSNR. The 3-dB OSNR improvement can double the maximum 

transmission distance and relax component specifications, reducing the total cost of the 

optical networks. In practice, the improvement in sensitivity of DPSK can also exceed 3 dB, 

depending on the modulation waveforms, extinction ratio, and optical as well as electrical 

filters used in the systems. Note, however, that the 3-dB improvement in sensitivity can only 

be obtained using balanced detection.  

 
Fig. 2.2.7. Signal constellations of OOK and DPSK [Gnau 05]  

In addition to the 3-dB benefit in sensitivity, DPSK also has other advantages compared 

with the OOK: a) it is more robust to fiber nonlinearities, since the optical power occupying 

each bit slot halves the peak power of the pulses, and the phase shifts of 0 and π disturb the 

phase matching conditions for the growth of intra-channel four-wave mixing [Pinc 11]; b) 

DPSK, with balanced detection, can offer large tolerance to signal power fluctuations in the 
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receiver decision circuit, as the decision threshold is independent of the input power [Gnau 

05]; c) DPSK is more robust to narrowband optical filtering, because it has a narrower optical 

spectrum; d) DPSK can be extended to DQPSK and other multilevel formats, which can 

improve the SE and increase the tolerance to CD and PMD. 

 DPSK transmitter 

There are two types of modulator that can be used to generate optical phase modulation 

signals: a straight-line phase modulator and MZM, as shown in Fig. 2.2.8. The difference 

between these two schemes can be seen through the solid double arrows in the constellation 

diagrams in Fig. 2.2.8. A straight-line phase modulator only modulates the optical phase 

along the unit circle in the complex plane, resulting in a constant-intensity optical signal. 

However, because the optical phase shift is directly modulated by the electrical drive signal, 

any imperfections in the drive waveform can get directly mapped onto the optical phase, thus 

potentially degrading the signal performance. Moreover, the phase transitions are limited by 

the combined bandwidth of the modulator and the drive amplifier, which makes it impossible 

for the phase shift to occur instantaneously, inevitably introducing frequency chirp across bit 

transitions. It has been demonstrated that insufficient drive bandwidth gives rise to severe 

penalties in the signal, since it leads to pattern-dependent, reduced phase shifts [Gnau 05].  

The chirp generated by a straight-line phase modulator can be minimized using an MZM 

as the phase modulator. In this case, the MZM is symmetrically driven around the zero 

transmission, modulating along the real axis through the origin of the complex optical field 

plane. This method can generate a near-perfect π phase shift but at the expense of some 

residual optical intensity modulation at the location of the phase transitions, which can be 

seen from the waveform in Fig. 2.2.8 (b). The width of the intensity dips depends on the drive 

bandwidth and voltage, and becomes narrower as the modulation bandwidth increases. It has 

been demonstrated experimentally that insufficient drive bandwidth only affects the residual 

intensity dips, but leaves the perfect π phase shift intact. Little impact is induced by the 

imperfect drive waveform when an MZM is used as an optical phase modulator.  

 
Fig. 2.2.8. Two typical DPSK transmitters: (a) Implementation with phase modulator. (b) Implementation with 

Mach-Zehnder modulator [Gnau 05] 
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(a) (b) (c) 

Fig. 2.2.9. signal spectrum: (a) DPSK signal; (b) DQPSK signal; (c) PM-DQPSK signal  [Winz 06] 

As information is encoded in the optical phase difference for a DPSK signal, exact phase 

modulation is more important than a constant optical intensity. This means that it is more 

convenient to use an MZM as a phase modulator for DPSK signal generation in practice, 

compared with a straight-line phase modulator. It should be noted that the intensity dips can 

have a negative impact on nonlinear transmission performance, especially at the low symbol 

rate systems, such as at 10 Gbaud [Kim 03]. However, the intensity dips can be largely 

eliminated by converting the NRZ-DPSK into the RZ-DPSK signals, since the RZ pulse 

carver only cuts out the center portions of the intensity-dip of the bits.  

Fig. 2.2.9 (a) shows the optical spectra and intensity eye diagrams for an NRZ-DPSK 

signal generated by an MZM (black) and a 33% duty cycle RZ-DPSK (gray), respectively. It 

can be seen that the spectrum of an RZ-DPSK signal is obviously wider than that of an NRZ-

DPDK. This is in agreement with the analysis discussed on the NRZ and RZ formats. 

Therefore, like the NRZ and RZ formats, NRZ-DPSK has the benefits of a large tolerance to 

narrowband optical filtering, fiber nonlinearity and CD, while RZ-DPSK has a ~ 3-dB 

improvement in sensitivity and a high tolerance to PMD.  

 Differential quadrature phase shift keying (DQPSK) 

Differential quadrature phase shift keying (DQPSK) is actually an extension of DPSK, where 

a complex plane DPSK data stream in quadrature is superimposed onto the original DPSK 

signal. Thus, information is encoded through four phase states {0, π/2, π, -π/2}, resulting in a 

symbol rate of half of the bit rate. DQPSK was proposed after 2005 and is currently used in 

optical communications.   

Compared with the OOK or DPSK modulation formats, the main benefit of DQPSK is the 

low spectral occupancy, which will reduce the bandwidth requirements at the transmitter and 

receiver. This property makes the 40 Gb/s DQPSK compatible with the 50-GHz ITU grid and 

the 50 GHz-based ROAMDs [Pinc 11], allowing the 10 Gb/s and 40 Gb/s channels to be 

mixed in the same WDM transmission system. Therefore, when a 10 Gb/s WDM system is 

saturated in terms of capacity, 40 Gb/s DQPSK channels can be used to take the place of the 

10 Gb/s NRZ channels step by step until the capacity is satisfied. However, it should be noted 

that the transmission performance will be worse if the 40 Gb/s DQPSK channels are mixed 

with the 10 Gb/s channels, because the collisions between the NRZ and DQPSK pulses will 
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induce nonlinear phase noise (NPN). Other advantages of DQPSK are a greater tolerance to 

CD due to the spectral compactness, and more robust to PMD due to the long symbol period 

for a fixed bit rate [Grif 02].  

Although DQPSK shows better performance in terms of SE, CD and PMD tolerance, its 

tolerance to fiber nonlinearities is worse than DPSK. Generally, DQPSK suffers more than 

DPSK from the NPN at the same bit rate. This can be easily understood from the halved 

symbol rate and the doubled number of constellation points. Moreover, DQPSK is a little 

worse than DPSK in receiver sensitivity. 1 – 1.5 dB more OSNR is usually required at a poor 

BER of 10
-3

. At a good BER of < 10
-12

, much more OSNR is required, and it approaches the 

performance of the OOK [Proa 07]. Another price using DQPSK is the lower tolerance to 

frequency shift between the laser and the DI used in the receiver, compared to the DPSK. For 

instance, at 40 Gb/s transmission systems, DPSK tolerates ± 1.2 GHz of the laser-to-DI 

frequency mismatch, whereas DQPSK only tolerates ± 20 MHz. Additionally, the designs of 

DQPSK transmitter and receiver are much more complicated and cost more.  

 DQPSK transmitter 

The DQPSK transmitter, as shown in Table 2.1, is conventionally implemented by two nested 

MZMs operated as phase modulators, driven by two binary data streams. A phase shift 

component is deployed in one of the two paths for generating a π/2 phase shift for the phase-

modulated signal. Actually, a DQPSK transmitter can be seen as two DPSK modulators 

integrating together, and thus, it has advantages similar to a conventional DPSK transmitter: 1) 

it has the exact π-phase shift generated by an MZM, which is almost independent of the drive 

signal imperfection; 2) only binary electronic drive signals are required in this transmitter, 

which makes it much easier to implement at high speeds than a transmitter driven by a 

multilevel drive waveform. However, like the DPSK signals generated by an MZM, intensity 

dips at the bit transitions also exist in the DQPSK signals. The intensity dips in a DQPSK 

signal are a little different from that in a DPSK signal, which can be seen in the left-hand eye 

diagram shown in Fig. 2.2.9 (b). Unlike the intensity dips shown in the left-hand eye diagram 

in Fig. 2.2.9 (a) for a DPSK signal, the dips in a DQPSK signal have two different levels. The 

shallower dip represents a phase transition in either the in-phase (I) or quadrature-phase (Q) 

components. The deeper dip corresponds to a phase transition in both the I and Q components. 

As the DPSK signals, the intensity modulation existing in a DQPSK signal can also be 

simply solved by adding an RZ pulse carver to the structure, finally producing an RZ-

DQPSK signal, which is shown in the right-hand eye diagram in Fig. 2.2.9 (b).  

It should be pointed out that a DQPSK signal can also be generated using only one 

straight-line phase modulator, driven by a 4-level electrical signal. The drawback of this 

method is that any imperfections in the drive waveform can be directly mapped onto the 

optical phase, thus potentially degrading the signal quality. Another disadvantage is that a 4-

level drive signal is much more complex and harder to use in high speed systems, compared 

to a binary drive signal.  

Fig. 2.2.9 (b) also shows the optical spectrum of a DQPSK signal. It can be seen that the 

shape is the same as the spectrum of a DPSK signal, but it is almost compressed by a factor 

of 2, since the transmitted symbol rate is half the bit rate. In addition, it shows that the 
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spectrum of a RZ-DQPSK signal (gray line) is a little wider than that of a NRZ-DQPSK 

signal (black line). Therefore, the NRZ-DQPSK signals have the benefits of a large tolerance 

to narrowband optical filtering, fiber nonlinearity and CD, whilst the RZ-DQPSK signals 

have the advantages of a ~ 3 dB improvement in sensitivity and high tolerance to PMD.   

 Polarization-multiplexed Differential quadrature phase shift keying (PM-DQPSK) 

In order to further improve the SE, a polarization multiplexing technique is proposed to be 

applied in signal modulation, generating polarization-multiplexed signals. PM-DQPSK is one 

of the polarization-multiplexed signals, in which the two orthogonal components are DQPSK 

signals. The SE of a PM-DQPSK signal is twice that of a DQPSK signal, leading to the 100 

Gb/s PM-DQPSK signals to support the 100G DWDM transmission with 50 GHz channel 

spacing and 50 GHz-based ROADMs [Lach 11]. This advantage means that the 100 Gb/s 

PM-DQPSK channel can be mixed with the 10 Gb/s NRZ and 40 Gb/s (D)QPSK channels in 

the same WDM system to increase the capacity of the networks, without changing the 

infrastructure. Because of the low symbol rate at the same bit rate, PM-DQPSK signals show 

a better OSNR sensitivity, and are more tolerant to fiber impairments such as CD and PMD, 

compared to the DQPSK and DPSK signals. 

Like the DPSK and DQPSK formats, direct-detection receivers can also be used to receive 

the PM-DQPSK signals, which can simplify the receiver structure and reduce the total cost, 

compared to the coherent-detection-based receivers. The main drawback of PM-DQPSK is 

that it is a polarization sensitive format, which requires a polarization sensitive detection, 

such as a fast automatic polarization tracking [Zhan 10], at the receiver. This drawback not 

only increases the complexity of the receiver, but also reduces the PMD tolerance in 

somewhat. The polarization sensitive detection can further reduces the tolerance to 

nonlinearities in the case of WDM transmission, due to the XPM-induced cross polarization 

modulation. Note, however, that these disadvantages can be solved using coherent-detection 

at the receiver, but at the price of increasing the complexity of the receiver and cost, because 

a high quality LO laser with narrow linewidth is required.  

 PM-DQPSK Transmitter 

At a PM-DQPSK transmitter, as shown in Table 2.1, the output of the laser is first split into 

two orthogonally polarized beams by a PBS, and then each beam is modulated through a 

DQPSK modulator. Finally, the two modulated DQPSK signals are orthogonally combined 

using a polarization beam combiner, generating a PM-DQPSK signal. The spectrum and eye 

diagram of a PM-DQPSK signal are shown in Fig. 2.2.9 (c). The shape of the spectrum is the 

same as that of a DQPSK signal, but its bandwidth is compressed by a factor of 2, due to the 

transmitted symbol rate being halved by the polarization multiplexing technique. The left eye 

diagram indicates that a PM-DQPSK signal has intensity dips with four levels. This is 

because each DQPSK signal in the two orthogonal components has intensity dips with two 

levels, and when the two DQPSK signals are orthogonally combined together, it will produce 

intensity dips with four levels, according to probability theory. Like the DPSK and DQPSK 

signals, this problem can be solved by converting the generated PM-DQPSK signals into the 

PM-RZ -DQPSK signals, as the right eye diagram shown in Fig. 2.2.9 (c).  
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2.2.5 M-ary quadrature amplitude modulation (M-QAM) 

With the data increasing exponentially, a bit rate of more than 100 Gb/s per channel will not 

satisfy the capacity demand in future. Consequently, bit rate of 400 Gb/s or more per channel 

should be developed to further increase the network’s capacity. To achieve this purpose, 

higher multi-level modulation formats have to be applied, such as QAM, which has been 

widely used in many digital data radio communications.  

QAM is a multilevel modulation format which uses both amplitude and phase of the 

optical carrier for data encoding. The number of symbols used (M=2
m
) can vary from 2 to 

more than 1024 depending on the value of the integer m. In this notation, (D)BPSK and 

(D)QPSK actually correspond to the 2-QAM and 4-QAM, respectively. The major advantage 

of QAM is the high SE. Combining it with polarization multiplexing technology, the SE can 

be easily improved to more than 2 b/s/Hz. For example, an SE of 6.7 b/s/Hz has been 

reported using PM-16-QAM in 2009 [Gnau 09] while an SE of 8 b/s/Hz has been presented 

using 32-QAM in 2010 [Zhou 10].  

Fig. 2.2.10 gives some examples of square M-QAM constellations. It can be seen that the 

Euclidian distances between the symbols is reduced significantly as the number of symbols 

increases. Unfortunately, the tolerance to nonlinearities and noise reduces correspondingly by 

increasing the number of symbols in an M-QAM constellation. In other words, as the number 

of symbols increase, much more SNR is required for a given BER in the receiver. This can be 

understood from Shannon’s theory.  

 
Fig. 2.2.10. Examples of square M-QAM constellations [Pinc 11] 

According to the Shannon capacity limit, the spectral efficiency can be expressed as: 

                  
 

  
             

(2.2.4) 

where C is the capacity and B is the bandwidth of a channel. It obviously shows that the 

increase in SE must be paid for by a higher SNR. Fig. 2.2.11 shows the required SNR of the 

16-QAM, 256-QAM and 1024-QAM compared to the QPSK. The extra-SNR required can be 

calculated by the M-QAM for a given BER. For example, the 16-QAM, 256-QAM and 1024-

QAM require, respectively, ~4 dB, ~13dB and ~18 dB more SNR per bit than the QPSK for a 

BER of 10
-3

. Moreover, if the difference in SNR required by the increase in the data rate is 

also taken into account, i.e. + 6 dB between 100 Gbps and 400 Gbps, and +10 dB between 
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100 Gbps and 1 Tbps, at 400 Gbps, the PM-16-QAM and PM-256-QAM require an extra 

SNR of ~10 dB and ~19 dB, respectively, compared with the 100 Gbps PM-QPSK to 

maintain a given BER. At 1 Tbps, the extra-SNR required for the PM-1024-QAM is ~28 dB 

with respect to the 100 Gbps PM-QPSK. In practical systems, saving an extra SNR of ~19 dB 

and ~28 dB is almost impossible nowadays. Hence, much more work needs to be done if we 

want to use PM-256-QAM and PM-1024-QAM under practical conditions in future.  

Another essential problem of M-QAM is that, as the number of M=2
m
 symbols increase, 

the tolerance to fiber nonlinearities reduces sharply, as the minimal distance between the 

constellation points decreases. Moreover, the peak to average ratio (PAPR) of M-QAM arises 

with the number of symbols, leading to an M-QAM being more sensitive to fiber 

nonlinearities. Finally, it is necessary to point out that, in order to produce higher square M-

QAM constellations, ever-efficient digital-to-analogue (DA) converters in the transmitter and 

analogue-to-digital (AD) in the receiver are required. These technologies are not currently 

achievable yet, and the higher M-QAM will not be possible until the DA and AD converters 

are available [Pinc 11]. 

 
Fig. 2.2.11. Symbol Error Ratio (SER) and Bit Error Ratio (BER) of square M-QAM constellations (SER: blue 

line, BER: red line) as a function of the required SNR per bit [Pinc 11] 

 Transmitter 

A conventional M-QAM transmitter based on two MZMs is shown in Table 2.1. As can be 

seen, the structure is similar to a DQPSK transmitter. The only difference is that it requires a 

DSP in the transmitter to generate multilevel drive signals. An M-QAM signal can be written 

as: 

                                (2.2.5) 

where a(t) and b(t) are two independent quadrature signals for driving two MZMs. For 

example, in order to generate a 16-QAM signal, a(t) and b(t) should be both 4-level signals.  

In addition, an M-QAM signal can also be generated using only one conventional MZM 

with dual-drive. In this case, the MZM consists of two phase modulators that can be operated 
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independently. Since the emphasis of this thesis is not the M-QAM signal, we do not describe 

the transmitter in detail here. More details on these transmitters can be read by Ho [Ho 05] . 

 

2.3 Summary 

In this chapter, several modulation formats, including OOK (NRZ, DB, RZ, CSRZ), FSK, 

PolSK, PSK (DPSK, DQPSK, PM-DQPSK) and M-QAM are briefly reviewed from principle, 

advantage and disadvantage. OOK is the simplest modulation format and has been widely 

used in optical networks for many years. FSK and PolSK have not been intensively pursued, 

since they do not have evident advantages compared to other modulation formats. PSK began 

to attract people’s interest after 2000, because of the potential for improving the SE and the 

increasing popularity of coherent detection. Differential encoded-based PSK formats, 

including DPSK, DQPSK and PM-DQPSK are discussed in detail in this chapter, because 

they can be detected using direct detection technology, which can make the receiver easy to 

implement and reduce the cost. DPSK and DQPSK are widely used in today’s optical 

communications networks, and the PM-DQPSK is proposed to be used in 100 Gbps-based 

optical networks based on today’s infrastructure.  

Finally, the M-QAM is briefly introduced. Although it is hard to use in practical systems 

nowadays, it is a promising format for future networks.  
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Chapter 3 

 

 

3 DEMODULATION SCHEMES FOR PHASE MODULATION 

SIGNALS 

 

 

 

 

3.1 Introduction 

As presented in Chapter 2, PSK is the modulation format in which the transmitted data is 

encoded in the phase of the optical carrier. Although a photodiode is usually used for 

detecting intensity modulation signals, it is impossible to use one for PSK signal detection, 

because all phase information is lost during the detection process. In order to detect the PSK 

signals, substantial changes in the receiver are required. Generally, there are two types of 

technology, known as coherent demodulation and delay demodulation, are used to carry out 

PSK signal demodulation, converting the phase information into the intensity variations to be 

detected by photodiodes.  

Coherent detection is a technique that makes use of an LO laser serving as an absolute 

phase reference to recover the full electrical field, which contains both amplitude and phase 

information [Ho 05, Ip 08, Agra 10]. The coherent detection technique was first used for its 

superior receiver sensitivity compared to direct detection. Equivalently speaking, the mixing 

of a signal received from the LO laser works as an optical amplifier without noise 

enhancement. Even with the advances in the Erbium Doped Fiber Amplifier (EDFA), 

coherent detection can still provide better receiver sensitivity than amplified direct detection.  

In theory, coherent detection can be divided into two types: homodyne and heterodyne 

schemes. Homodyne detection is difficult to implement in practice, since it requires that the 

frequency of a LO should exactly match the carrier frequency, and an optical phase-locked 

loop has to be used to lock the phase of the incoming signal. Heterodyne detection simplifies 

the receiver design, but the electrical signal oscillates at microwave frequencies and must be 

demodulated to the baseband using techniques similar to those developed for microwave 

communications systems [Proa 07, Agra 10]. Given that whether the phase of the transmitter 
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laser and the LO are locked or not, heterodyne detection can be divided into two types: 

asynchronous and synchronous heterodyne detection. Because the emphasis of our work is 

not coherent detection, we will not discuss it here. More details on coherent detection can be 

read through Ho [Ho 05] and Agrawal [Agra 10]. 

Delay demodulation is a technique that makes use of a Mach-Zehnder interferometer (MZI) 

whose two arms differ in length so that the signal in the longer arm is delayed by exactly the 

duration of one symbol.  As the previous symbol is viewed as the phase reference in this 

scheme, delay demodulation is also called self-coherent detection. Delay demodulation is 

widely used for detecting differential encoding-based PSK signals, such as DPSK, DQPSK 

and PM-DQPSK. Since the focus of our work is research into delay demodulation-based PSK 

receivers, delay demodulation will introduced in detail from theory and implementation 

schemes in Section 3.2. Moreover, DPSK, DQPSK and PM-DQPSK receivers based on 

different types of delay demodulation schemes are reviewed in this section.   

In addition, performance evaluation criteria, including bit error rate (BER), minimum 

received optical power, receiver sensitivity, optical signal-to-noise (OSNR), eye opening 

penalty (EOP), are discussed in Section 3.3. Finally, a summary is presented in Section 3.5. 

3.2 Optical delay demodulation 

Optical delay demodulation is also referred to as self-coherent detection or direct detection, 

since a delayed replica of the optical signal itself is used to replace an LO required for 

coherent detection [Liu 08]. Fig. 3.2.1 shows a typical MZI-based optical delay demodulation 

scheme. In this scheme, signal delay is implemented through two physical paths of different 

lengths. This device is sometimes referred to as an optical delay interferometer (DI) [Gnau 

05]. In contrast with a LiNbO3-based MZM used in the transmitter for signal modulation, 

which typically has only one output port, the DI used for signal demodulation is usually 

constructed with two 3-dB couplers so that it has two output ports.  

 
Fig. 3.2.1. Principle diagram of an MZI-based delay demodulation  

Without taking into account the noise, the normalized signals in the two output ports can 

be expressed as:  

      
 

 
                       (3.2.1) 

and 
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                       (3.2.2) 

where E is the incident optical field. In the electrical fields of (3.2.1) and (3.2.2), the path 

difference in the DI is assumed to be exactly the same as the symbol duration T. It can be 

seen that the phase information can be recovered by processing only one output of the DI, 

constructing a single-branch receiver. However, it is rarely used in practical systems, as half 

of the received power is rejected and there is no improvement in 3-dB sensitivity compared to 

the OOK signals. In practice, PSK receivers usually work using a balanced structure for 

obtaining the 3-dB benefit. In a balanced detection structure, two photodiodes are used to 

detect both signals, E1 and E2, and the detected signals are then subtracted, resulting in a 3-dB 

improvement in receiver sensitivity. Without taking into account the noise, the detected 

current after subtraction can be written as 

               
         

   (3.2.3) 

Combining (3.3.1) and (3.3.2), (3.3.3) can be simplified as 

                  (3.2.4) 

where       is the phase difference between the adjacent symbols,                

  . In the case of DPSK,           while in the cases of DQPSK and PM-DQPSK, 

     
 

 
     

  

 
, depending on the bits transmitted. Therefore, the original bit stream can 

be reconstructed from the temporal variations of the electrical signal. 

The main benefit of delay demodulation is that no LO lasers are required, which can 

simplify the structure of the receiver, and thus make the receiver easier to implement 

compared to a coherent receiver. Moreover, without using an LO laser in the receiver end, the 

total cost is reduced sharply, leading to delay demodulation being a promising alternative for 

cost-sensitive optical applications. Furthermore, with balanced detection, delay demodulation 

can also offer a 3-dB improvement in receiver sensitivity compared to the direct detection 

used for OOK signals.  

The delay demodulation has the advantage of a simple design at the receiver end, but it is 

at the expense of reducing receiver tolerance to CD, PMD and fiber nonlinearities, especially 

in high speed optical networks [Brau 11]. For example, in 100 Gbps-based PM-DQPSK 

optical networks, the tolerance to CD (2-dB OSNR penalty) is ~ ±100 ps/nm using delay 

demodulation, whilst it is ~ 40000 ps/nm using coherent detection [Brau 11]. This is because 

advanced digital signal processing (DSP) technology is used in the coherent receiver for 

compensating the fiber-induced signal impairments. Another drawback of delay 

demodulation is that it can only be used to demodulate differential encoding-based PSK 

signals, such as DPSK and DQPSK signals. For the PSK signals without differential 

encoding, e.g. BPSK and QPSK, only coherent detection can be used to recover the original 

data accurately.  

Optical DIs can be manufactured with several technologies, including planar silica 

waveguides [Gnau 05], LiNbO3 waveguides [Cho 04], and optical fibers [Segu 05]. In all 
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cases, it is important that the optical delay is controlled precisely, since any deviation from 

the required delay T leads to degradation in system performance. In addition, because the 

light passes through two different physical paths in a DI to implement a time delay, the DI 

performance is easily affected by the environment, e.g. temperature. Hence, in order to 

stabilize the performance of the DI, an active temperature control is usually required in 

practice.  

Owing to the benefits of the differential encoding-based PSK signals presented in Chapter 

2, we review the receivers used for detecting the DPSK, DQPSK and PM-DQPSK signals in 

the following subsections. 

3.2.1 DPSK receiver 

 Conventional DPSK receiver based on a DI 

PSK signal can only be detected using coherent detection with an LO. Thanks to the 

differential phase encoding technique, DPSK signals can be detected by a direct detection 

receiver without an LO, which is shown in Fig. 3.2.2. In this receiver, a DPSK signal first 

passes through a DI, where the delay between the two paths is equal to one symbol duration, 

converting the phase modulated signals into intensity modulation signals. Then, the 

demodulated optical signals are detected by a balanced detector. The electrical signals after 

subtraction can be expressed as (3.2.4). 

Because of the DI, the preceding bit of the DPSK-encoded bit streams can act as the phase 

reference for demodulating the phase signal. The two adjacent bits interfere with each other 

and go out through the two output ports of the DI. As can be seen in Fig. 3.2.2, at the lower 

output port (“destructive port”), the two optical signals interfere destructively in the absence 

of phase shift, while the upper output port (“constructive port”) automatically shows 

constructive interference owning to the energy conservation within the DI. Therefore, the two 

DI output ports actually carry identical, but logically inverted data streams. In principle, a 

DPSK signal can be completely detected by one of the two DI output ports, which is referred 

to as single-branch detection. However, since the advantage of a 3-dB improvement in 

sensitivity can only be obtained using a balanced detection [Gnau 05], a balanced receiver is 

usually used for detecting DPSK signals. Fig. 3.2.2 also shows, on a logarithmic scale, the 

sinusoidal transmission characteristic of the two output ports as a function of frequency. As 

can be seen, both transmission spectra have the same period of 1/T. Moreover, careful 

analysis of the optically demodulated signals at the two DI output ports implies that the 

destructive port carries an alternate-mark inversion (AMI) signal, while the constructive port 

carries a DB modulation signal [Penn 01, Wei 02].   

In the direct-detection DPSK receiver, the differential delay is typically selected equal to 

(or slightly shorter than) the symbol period,     . Therefore, in order to obtain high-

quality demodulated signals, a fine-tuning is required to adjust the differential delay to match 

the center frequency of the laser in practice. This problem is typically solved by using a 

heating element on one of the two arms. Because of the sensitivity to the environment, such 

as temperature, a temperature control scheme implemented in the DI-based DPSK receiver is 

usually required to mitigate the temperature-induced effect, stabilizing the receiver 
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performance. Additionally, it needs to avoid the polarization-dependent phase shifts induced 

within the DI. 

 

Fig. 3.2.2. A conventional DPSK receiver based on a DI [Gnau 05] 

 3-dB sensitivity improvement 

It is well-known that the DPSK signal has the advantage of a 3-dB improvement in OSNR 

sensitivity compared to the OOK signal. However, this advantage can only be obtained using 

balanced detection. In other words, there will not be a 3-dB improvement in sensitivity if 

single-branch detection is used, as, in this case, the calculation of the error probability of the 

received signal is the same as the OOK signal. This can be understood through Ho [Ho 05]. 

In the amplifier noise limit system, the error probability using single-branch and balance 

detection can be expressed as:  

 Single-branch detection, 

  
    

 

 
     

  
 
    

  
 
  (3.2.5) 
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 Balance detection, 

  
    

 

 
           

  
 
  (3.2.6) 

where    is the required signal-to-noise ratio (SNR). The factor    
  

 
  in (3.2.5) and 

   
  

 
  in (3.2.6) are caused by the amplifier noise from the orthogonal polarization. 

Without considering this amplifier noise, it can be calculated that the required SNR is 

improved by 3-dB using balanced detection for a given error probability of 10
-9

. 

 Other DPSK receivers  

In order to improve the performance of the DPSK receiver or simplify the structure of the 

receiver, some novel DPSK demodulation schemes were proposed based on an all-fiber MZI, 

e.g. a photonic crystal fiber (PCF)-based MZI (PCF-MZI) [Du 10] and a step-index MMF-

based MZI (SIM-MZI) [Lize 06]. In the PCF-MZI, which is constructed by a PCF mismatch 

spliced between two SMFs, interference is taking place between the cladding and core modes 

excited in the PCF. In the SIM-MZI, which is built by a step-index MMF located between 

two SMFs in alignment, interference is generated between the excited LP01 and LP02 modes 

in the MMF. The main advantages of an all-fiber MZI-based DPSK receiver are the simple 

design, polarization insensitivity and low-cost. The drawback is that balanced detection 

cannot be used in this type of receiver, because the all-fiber MZI only provides one output 

port.  

In addition, some other types of demodulation schemes were also proposed for the 

detection of DPSK signals, including a polarization-maintaining fiber-based receiver [Ciar 

04], a birefringent fiber loop-based demodulator [Chow 05], a silicon-on-insulator DI-based 

demodulator [Voig 08], a π-phase-shifted fiber Bragg grating-based scheme [Kim 06], a 

silicon microring resonator-based scheme [Xu 09], a delay-asymmetric nonlinear loop mirror-

based scheme [Fok 08] and a cascaded four-wave mixing (FWM) demodulator [Dai 11]. Note 

that coherent detection is also a good choice for DPSK signal demodulation [Ho 05], but it is 

at the expense of both high receiver complexity and high-cost.  

3.2.2 DQPSK receiver 

 Conventional DQPSK receiver based on two DIs 

As reviewed in Chapter 2, DQPSK is an extension of DPSK, where a DPSK data stream in 

quadrature is superimposed onto the original DPSK signal, resulting in information encoded 

through four phase states {0, π/2, π, -π/2}. Hence, a DQPSK receiver can also be an extension 

of a DPSK receiver. Fig. 3.2.3 shows a traditional direct-detection DQPSK receiver built with 

two asymmetric DPSK receivers. 
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Fig. 3.2.3. The structure of a traditional DQPSK receiver built with two DIs [Ho 05] 

In this structure, the input field E is first divided equally into two parts, and each one 

passes through a DI. Note that these two DIs are not symmetric and a phase shift of π/2 is 

introduced between them. The time delay in both DIs equals one symbol duration. Assuming 

that the input field is          , and all the 3-dB couplers used in the receiver are ideal, 

both outputs can be written as 

           
   

 

 
             (3.2.7) 

           
   

 

 
             

(3.2.8) 

where                is the phase difference between the adjacent symbols, which 

can be one of the four states {0, π/2, π, -π/2}. It can be seen that only when          , are 

both output signals the same. The output currents            and            correspond to the 

in-phase and quadrature components of the received optical field. 

The main benefit of the traditional DQPSK receiver is that the design is simple and is easy 

to implement. A main drawback is that two conventional DIs are required, which will make 

the receiver affected more easily by the environment, compared to the DPSK receiver. 

Moreover, in order to demodulate a DQPSK signal accurately, it requires a stringent 

wavelength alignment between the transmitter and the DIs used in the receiver (~1 pm for 40 

Gbps) [Kim 03], and thus, a feedback control scheme must be used in each DI to lock the DI 

into the transmitter wavelength. This will increase the receiver complexity and the cost. 

 Other DQPSK receivers 

In order to improve receiver performance and reduce receiver complexity, Christen [Chri 08] 

proposed a novel DQPSK receiver, where a tunable birefrigent component is used in the 

receiver to implement a tunable bit-rate, resulting in the receiver being used in different bit-

rate DQPSK systems. Besides the tunable characteristic, another advantage of this receiver is 

the reduced receiver complexity, since the I- and Q-paths share the same hardware.  

Some other types of direct-detection DQPSK demodulation schemes were also reported in 

the last few years, which includes a frequency discriminator-based demodulator [Lyub 09, Yu 
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09], a star coupler-based receiver [Doer 06] and a silicon microring-resonator-based 

demodulator [Zhan 08]. In addition to direct-detection, coherent-detection is also studied for 

DQPSK signal demodulation, such as a phase diversity receiver [Seim 06]. More details on 

coherent-detection for DQPSK signals can also be read in Ho [Ho 05]. 

3.2.3 PM-DQPSK receiver 

 Conventional PM-DQPSK receiver based on four DIs 

As explained in Chapter 2, a PM-DQPSK signal is made up of two orthogonal DQPSK 

signals, resulting in the SE being improved by a factor of two. Hence, a conventional PM-

DQPSK receiver is also made up of two DQPSK receivers and a polarization demultiplexer 

for signal polarization demultiplexing. The structure of a conventional PM-DQPSK receiver 

is shown in Fig. 3.2.4. 

 
Fig. 3.2.4. Schematic of a conventional PM-DQPSK receiver  

In this scheme, the PM-DQPSK signal is first polarization-demultiplexed to x and y-

polarization DQPSK signals by a polarization demultiplexer such as a PBS. Then, the 

demultilexed x and y-polarization DQPSK signals is each demodulated by a conventional 

DQPSK receiver. One thing that needs to be noted is that the time delay in each DI equals 

one symbol period, which is four times the bit period. In order to stabilize the receiver 

performance, a polarization track scheme is usually required to control the incident signal 

launching at +45° or -45° with respect to the x and y axes in the PBS. Because both 

orthogonal components in a PM-DQPSK signal are DQPSK signals, the detected signals     

and     can be written as (3.2.7) whilst    
 and    

 can be expressed as (3.2.8). 

The main advantage of the conventional PM-DQPSK receiver is the simple design and 

ease of manufacture. However, it has many drawbacks. Firstly, a polarization control scheme 

is required in the receiver, leading to the receiver being more complex and harder to 
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implement. Although many schemes, such as a fast polarization tracking scheme [Wern 09] 

and an automatic polarization tracker [Zhan 10], are proposed to solve the polarization-

sensitive problem, it cannot intrinsically solve the problem. Secondly, the four DIs used in the 

receiver will make the receiver performance more easily affected by the environment 

compared to a single-polarization DQPSK receiver, thus reducing the feasibility. 

 Other PM-DQPSK receivers 

To solve the polarization-sensitive problem existing in the conventional PM-DQPSK receiver, 

Chandrasekhar et al. [Chan 08] proposed a novel direct-detection receiver, in which 

polarization demultiplexing is carried out in the electronic domain. The main benefit of this 

receiver is that no optical polarization control scheme is needed, which makes the receiver 

easier to implement and more compact in comparison with the conventional one. Moreover, 

because only one DQPSK demodulator is required in this scheme, the receiver complexity 

and total cost can be potentially reduced. The main drawback is the reduced tolerances to 

OSNR, DGD and narrowband optical filtering, especially the latter. In a 100 Gbps PM-

DQPSK system, only two 50-GHz optical filters are allowed to be cascaded using this 

receiver (with 1-dB OSNR penalty), which will largely limit its application in practical 

systems. 

There is another type of direct-detection PM-DQPSK receiver which was reported by Li et 

al. [Li 12]. In this scheme, training sequences are introduced to estimate the polarization 

rotation and a decision feedback recursive algorithm is used to mitigate the random walk of 

the recovered field, resulting in a very complicated design.  

Additionally, coherent-detection for PM-DQPSK was also reported [Flud 08]. The main 

advantages of the coherent detection receiver are the easy solution of polarization 

demultiplexing and high tolerance to CD, PMD and fiber nonlinearities. The price is the high-

cost and complicated receiver structure. 

3.3 Performance evaluation criteria 

The right choice of the performance evaluation criteria for the characterization of optical 

transmission systems is one of the key issues for an effective design of future optical systems. 

The evaluation criteria should provide a precise determination and separation of dominant 

system limitations, making them crucial for the suppression of propagation disturbances and 

an improvement in performance. On the other hand, they provide a comparison of 

experimental and numerical research, which is useful for the verification of applied numerical 

models. In this chapter, several criteria for evaluating an optical receiver are introduced and 

described. The criteria presented are used for system research and optimizations in the 

following chapters of this thesis. 

3.3.1 Bit-error rate (BER) 

The bit-error rate (BER) evaluation is a straightforward and relatively simple method for 

performance estimation based on the counting of errors in the received bit streams. The BER 

is defined as: 
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 (3.3.1) 

 
Fig. 3.3.1. (a) Eye diagram of a received signal. (b) Gaussian probability densities of 1 and 0 bits. The shadow 

in the Gaussian probability densities shows the probability of incorrect identification. 

Fig. 3.3.1 shows schematically the incorrect identification caused by the decision circuit in 

the receiver. As can be seen, the converted current I for sampling is fluctuating from bit to bit 

around the average value I1 or I0, depending on whether the bit corresponds to 1 or 0 in the bit 

stream. The sampled value is compared with a threshold value ID by the decision circuit. 

When the sampled value is higher than the threshold value, I > ID, it is called bit 1; when I < 

ID, it is called bit 0. However, because of the receiver noise and signal impairment, 

sometimes an error may occur with I > ID for bit 0, or I < ID for bit 1. Therefore, taking into 

account these two possibilities of errors, BER can be written as 

                          (3.3.2) 

where p(0) and p(1) represent the probabilities of the receiving bits 0 and 1, respectively. 

P(1/0) is the probability of identifying 1 when 0 is received, while P(0/1) is the probability of 

deciding 0 when 1 is received. These two probabilities of errors are usually the same, p(1) = 

p(0) = ½. Hence, (3.3.2) can be simplified as 

    
 

 
                (3.3.3) 

Figure 3.4.1 (b) shows that the probabilities,       ) and       , actually depend on 

the probability density function (PDF) p(I) of the sampled value I. The p(I) always relies on 

the statistics of noise sources (thermal and shot noises) responsible for the current 

fluctuations. The probabilities       ) and        can be written as follows [Agra 10]: 

       
 

     
      

      
 

   
  

  

  

   
 

 
     

     

    
  (3.3.4) 

       
 

     
      

      
 

   
  

  

  

   
 

 
     

     

    
  

(3.3.5) 

where   
  and   

  correspond to variances for 0 and 1 bits, respectively. erfc stands for the 
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complementary effort function, and it is defined as [Abra 70] 

        
 

  
          

 

 

   (3.3.6) 

Substituting (3.3.4) and (3.3.5) in (3.3.3), the BER can be written as 

    
 

 
      

     

    
       

     

    
   (3.3.7) 

Equation (3.4.6) shows that the BER only depends on the decision threshold ID. In order to 

minimize the BER, ID is usually chosen as 

       

  
 
       

  
 (3.3.8) 

It can be calculated that              when      , corresponding to setting the 

decision threshold in the middle, as shown in Fig. 3.4.1. Combining (3.3.8) with (3.3.7), the 

function of BER can be simplified as  

    
 

 
     

 

  
  

           

    
 (3.3.9) 

with Q-factor 

  
     
     

 (3.3.10) 

Equation (3.3.9) states that the BER only depends on the Q-factor. The relationship 

between the BER and the Q-factor can be drawn as Fig. 3.4.2. The BER improves as Q-factor 

increases. It can be seen that the criterion of receiver sensitivity of 10
-9

 corresponds to    . 

When Q > 7, the BER is lower than 10
-12

.  

 
Fig. 3.3.2. BER as a function of the Q-parameter  
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3.3.2 Receiver sensitivity 

It is usually said that a receiver is more sensitive if it achieves the same performance with 

less optical power incident on it, compared to other optical receivers. The performance 

criterion for digital receivers is governed by the BER, defined as the probability of the 

incorrect identification of a bit by the decision circuit of the receiver [Agra 10]. For example, 

a BER of 10
-3

 means there is, on average, one error per thousand bits. Nowadays, the 

criterion for optical receivers requires the BER to be below 10
-9

, and even below 10
-12

. The 

receiver sensitivity is defined as the minimum average received optical power,    , required by 

a receiver to operate at a BER of 10
-9

.  

 Minimum received optical power 

The minimum received optical power required for a receiver to operate reliably with a BER 

below a given value can be calculated by (3.3.9) and (3.3.10). In this case, the Q-factor 

should be related to the incident optical power. Assuming that there is no optical power when 

0 bits are transmitted, P0 = 0, resulting in converting current I0 = 0. Therefore, the power 

transmitted in 1 bit can be written as  [Agra 10]: 

                 (3.3.11) 

where     is the average receiver power,              . M is the gain parameter for APDs. 

For the p-i-n photodiodes, M = 1. Since in this work only the p-i-n photodiodes are used in 

the receiver for detecting the optical power, we do not consider the gain parameter in the 

following:  

Taking into account the contributions of both thermal and shot noises to the root mean 

square (RMS) noise currents, both σ1 and σ0 can be described as  [Agra 10]: 

      
    

                (3.3.12) 

with  

  
                 (3.3.13) 

  
                   (3.3.14) 

where   
  and   

  are the noise variances of shot and thermal noises, respectively. q is an 

elementary charge,      is the effective noise bandwidth of the receiver, kB is the Boltzmann 

constant,    is the absolute temperature, RL is the load resistor, and Fn represents the factor by 

which thermal noise is enhanced by various resistors used in pre- and main amplifiers. It 

should be noted that (3.3.13) and (3.3.14) are based on ignoring the contribution of dark 

current. Substituting (3.3.11) and (3.3.12) in (3.3.10), the Q-factor can be written as  
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 (3.3.15) 

Hence, for a given BER, the Q-factor is determined by (3.3.9), resulting in minimum 

received optical power (receiver sensitivity)     being determined by (3.3.15). Solving 

(3.3.15), the minimum received optical power     can be described as:  

    
 

  
          (3.3.16) 

It shows that the     can be optimized by various receiver parameters. As the thermal noise 

   generally dominates for the p-i-n-based receiver,     can be simplified as 

           (3.3.17) 

It should be noted that the thermal noise variance   
  in (3.3.14) also depends on the bit 

rate through the receiver bandwidth Δf (typically, Δf = Bbit/2). Thus,     is proportional to the 

root of bit rate B in the thermal-noise limit systems.  

          (3.3.18) 

Therefore, without considering the amplified spontaneous emission (ASE) and other fiber-

induced signal impairments, the minimum received optical power increases 3-dB when the 

bit rate of a DPSK system is increased from 10 Gbps to 40 Gbps.  

 
(a) 

 
 (b) 

Fig. 3.3.3. Receiver sensitivity penalty: (a) transmission system; (b) sensitivity penalty definition  

 Receiver sensitivity penalty 

The receiver sensitivity penalty (RSP) estimation is a widely used BER quantification 

criterion both in numerical and experimental works. The setup for RSP determination is 

shown in Fig. 3.3.3 (a), and the definition of RSP can be seen in Fig. 3.3.3 (b). It is defined as 

the difference in power received by an optical receiver in back-to-back (BTB) and 

transmission cases, for a given BER such as 10
-9

. Expressing the received optical power in 

BTB as         and that after transmission as          , the RSP can be written as 
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                       (3.3.19) 

The RSP differs depending on the dominant system limitation in the transmission line. The 

RSP quality limit equals typically 10 – 12 dB [Casp 01]. RSP provides a conservative 

performance evaluation because of the relatively small BER values considered for the 

estimation. RSP is mainly used for the characterization of the penalty accumulation over 

transmission distance [Rohd 00, Casp 01] and is a good evaluation method for the 

comparison between numerical and experimental work [Rohd 00]. In addition, RSP can also 

be extended to evaluate a new designed receiver compared to a conventional designed 

receiver under the same operating conditions, e.g. BTB. In this case, RSP is defined as 

                      (3.3.20) 

where                      represent the sensitivity of the novel design and conventional 

receivers, respectively. This method is used to evaluate our proposed DPSK, DQPSK and 

PM-DQPSK receivers in this thesis.  

3.3.3 Minimum required optical signal-to-noise ratio (OSNR) 

In addition to minimum received optical power for a given BER of 10
-9

, the minimum 

required OSNR is also an important parameter for evaluating the receiver performance, since 

the in-line optical amplifiers used in the optical channel always introduce ASE in practice. 

The minimum required OSNR mentioned here is the minimum OSNR required at the end of a 

transmission line. In an optical system where the dominant signal impairment is ASE noise, 

the OSNR is defined as  

     
   

         
 (3.3.21) 

where BRef is an optical reference bandwidth (typically chosen as 0.1 nm, or 12.5 GHz at 

1550 nm), and NASE is the power spectral density of the ASE in each polarization. 

Considering the parameter SNR, which is defined by dividing the average signal power by 

the average noise power, used in digital communications, the OSNR can be written as  

                
  

     
          (3.3.22) 

with  

    
                    

            
 

   
 

  
 (3.3.23) 

where     is the average converted current,          ,    is the symbol rate. Equation (3.3.22) 

shows that the required OSNR is proportional to the symbol rate.  
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The minimum required OSNR is to guarantee a satisfactory system performance, 

achieving a given BER. Nowadays, the typical minimum OSNR requirement for the post 

forward error correction (FEC) BER is in the order of or better than 10
-16

 [Winz 06]. 

Enhanced FEC for terrestrial applications has a correction threshold of around 10
-3

, below 

which a post-FEC BER of better than 10
-16

 can be guaranteed, as long as the errors occur 

independently of each other in statistics [Mizu 03].  

In order to propagate high-quality signals, system design needs to ensure that the OSNR 

delivered to the receiver is equal to or higher than the minimum required OSNR. The 

delivered OSNR (OSNRDel) depends only on the line parameters and the launched signal 

power. Assuming that a transmission line is made up of N spans, the delivered OSNR can be 

expressed as [Winz 06]: 

                     
    

      
 

             
               

                     (3.3.24) 

where the factor “1000” is the conversion factor for Watts to Milliwatt. h is the Planck 

constant and v is the signal frequency. The parameters NF and LSP are the effective noise 

figure of a span (dB) and the span loss (dB), respectively. 

3.3.4 Eye opening penalty (EOP) 

The previous reviewed evaluation and quality criteria, e.g. BER, RSP, OSNR, are usually 

used in practice. However, it is difficult to identify the origins of different system 

impairments with the use of these criteria. A promising method for separating different 

transmission effects in numerical work would be the precise analysis of the eye diagrams of 

the detected signals. An eye diagram is created through the superposition of the received bits. 

If there are no distortions in a transmission line, a widely opened eye can be observed at the 

receiver, as shown in Fig. 3.3.4 (a). 

The eye diagram is a powerful tool for the characterization of the transmission limitations, 

because different limitations cause characteristic distortions of the signal eye. Fig. 3.3.4 (b) – 

(d) show the eye distortions caused by different impacts in an optical transmission system, 

including narrowband optical filtering, ASE-noise limitations and CD-limitation. 

    

(a) (b) (c) (d) 

Fig. 3.3.4. Eye distortions caused by different impacts on an optical transmission system: (a) back-to-back; (b) 

narrowband optical filtering; (c) CD-limitation; (d) ASE-noise limitation.  
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(a) (b) (c) (d) 

Fig. 3.3.5. Eye opening parameters 

The impact of a propagation distortion causing a reduction in the ideal (back-to-back) eye 

opening can be quantified by the Eye Opening Penalty (EOP). Many different definitions of 

EOP are known and used today for performance evaluation. Some of them are introduced in 

the following: 

 EOP: the widely used conventional EOP is defined as, 

    
         
         

              
                      

     

  
  (3.3.25) 

where EO represents the eye opening and       stands for the BTB eye opening, as shown 

in Fig. 3.3.5 (a). The EO is defined as a difference between the minimum 1 and maximum 0 

level in the middle of the eye, 

                          (3.3.26) 

where          is the voltage level of the minimum “1” rail at the center of the eye, and 

         is the voltage level of the maximum “0” rail. This EOP definition represents the 

worst case evaluation. It can be used for the characterization of the system performance in 

single channel transmission. Note that an EOP of 1-dB corresponds to an 80% opened eye.   

 Peak-to-peak EOP (EOPpp): 

          
    

  
  (3.3.27) 

where EOPpp stands for the peak-to-peak signal voltage, as shown in Fig. 3.3.5 (c). This 

method cannot be used for the characterization of the systems with large nonlinear effects, 

because a power fluctuation results in large EOPpp values, even if the detected signal eye is 

widely open. 

 Mean EOP (EOPmean):  

          
      

  
  (3.3.28) 

where EOmean is the difference between mean values of bit 1 and bit 0, as shown in Fig. 3.3.5 
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(d). In EOPmean, the EO is determined in the middle of the eye and the penalty calculation is 

made without considering the EOBTB. 

In addition to the aforementioned EOP definitions, there are also other types of EOP 

definitions, such as Gaussian EOP [VPI 03] and Eye Mask EOP [ITU 02]. We will not 

discuss them here. In this thesis, the conventional EOP is used for the evaluation of signal 

impairments caused by optical filters.  

3.3.5 Relationship between different evaluation criteria 

Because the definitions and assumptions used for the calculation are different in different 

evaluation criteria, it is significant to derivate the relationship between them. The right 

conclusions can be drawn only in some specific cases and specific system infrastructures. For 

instance, since the decision between the erroneous and correct bit depends on the SNR in the 

decision circuit and the decision threshold ID, it could be concluded that the BER is related to 

the SNR (or OSNR) and the decision threshold. On the other hand, although the transmission 

performance can be identified by the EOP and BER evaluation, making any comparison 

between them is questionable. 

Conceptually, although the Q-factor stands for a relationship between signal and noise 

statistics, which is similar to OSNR, it is different from OSNR and can be used for BER 

calculation. The relationship between Q-factor and OSNR can be written approximately as: 

  
             

           
 (3.3.29) 

where BW is the bandwidth of the optical filter and T is the bit duration. Combining it with 

the Q-factor definition (3.3.10), the relationship between the BER and OSNR can be 

established as 

                       (3.3.30) 

According to the relationship between the OSNR and the Q-factor described in (3.3.29), it 

can be known that a high OSNR is required for a high Q-factor.  

Additionally, given the definitions of EO (3.3.26) and Q-factor (3.3.10), the relationship 

between the Q-penalty and the EOP can be derived, which is written as follows: 

          
         
         

    (3.3.31) 

If the noise is independent of the signal, such as thermal noise, the noise variances    and 

   are identical in the distorted and undistorted states. In this case, the Q-penalty is equal to 

EOP. In other cases, the Q-penalty is higher than EOP.  

Finally, it should be pointed out here that the performance evaluation criteria (BER, RSP, 

OSNR and EOP) presented above is used to estimate the performance of the proposed 

receivers and the signal impact caused by the optical filter in this work. 
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3.4 Summary 

In this chapter, PSK signal demodulation based on a delay demodulation technique is 

reviewed in detail. Delay demodulation is a technique that makes use of a DI to implement 

interference taking place between the two adjacent symbols to demodulate the differential 

phase encoding-based PSK signals. Delay demodulation-based receivers for DPSK, DQPSK 

and PM-DQPSK signal demodulation are introduced, including principle, advantages and 

disadvantages. In addition to the conventional DI-based receivers, several novel receivers are 

also reviewed. 

Finally, evaluation criteria for identifying the optical transmission performance are 

presented, which includes the BER calculation, receiver sensitivity, minimum required OSNR, 

EOP and Q-penalty. The relationship between these criteria is also discussed in Section 3.3.  
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Chapter 4 

 

 

4 NOVEL ALL-FIBER MACH-ZEHNDER INTERFEROMETERS 

BASED ON MULTIMODE INTERFERENCE 

 

 

 

 

4.1 Introduction 

A fiber MZI is one of the basic configurations used in high-sensitivity measurements. In such 

an arrangement, changes in the phase of light propagating through an SMF caused by an 

external parameter are very sensitively measured by an interference effect. Nowadays, fiber 

MZIs have been widely used in sensing applications [Ghat 97, Lore 13], such as temperature 

and strain sensors. However, besides using it as a sensor applied in sensing systems, a fiber 

MZI can also be used in optical communications systems, such as a bandpass filter [Mora 06, 

Agra 10]  and a signal demodulator [Gnau 05, Winz 06]. The principle of the conventional 

fiber-based MZI built with two fiber couplers will be presented simply in Section 4.2.  

Although the conventional fiber-based MZIs have been widely used in optical applications, 

in order to improve the stability and the measurement accuracy, all-fiber in-line MZIs based 

on the structure of single-mode-fiber-multimode-fiber-single-mode-fiber (SMS) are proposed 

to take their place. The principle of an SMS structure based on a graded-index MMF is 

theoretically presented in Section 4.3. 

In an SMS structure, although many modes are excited and propagate in the MMF, 

interference is dominated by the LP01 and LP02 modes, since they take the dominant roles 

among all excited modes [Horc 89, Horc 96]. Therefore, an SMS structure can work as a 

quasi-MZI. Because both arms share the same hardware, SMS structure-based MZI (SMS-

MZI) is simpler and easier to complement compared to the conventional fiber MZI. Moreover, 

its performance is more stable when it is used in optical communications systems. Today, the 

SMS-MZI has been studied and developed to act as novel optical devices, e.g., a temperature 

sensor [Kuma 14], a strain sensor [Rota 14], a curvature sensor [Wang 08], a refractive index 

(RI) sensor [Xue 12], a fiber lens [Moha 04], and a bandpass filter [Trip 10]. The working 
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principle of the SMS-MZI will be discussed in depth in Section 4.4.  

 Because of the power imbalance between the excited LP01 and LP02 modes, the 

interference ER of the SMS-MZI is very low. To improve the interference ER, some schemes, 

such as MZI based on a step-index MMF [Lize 06] and a photonic crystal fiber [Du 10] are 

proposed. In this chapter, we propose two alternative all-fiber SMS-MZIs. The first one is 

based on a graded-index MMF with a central dip in its index profile located between two 

SMFs. In this structure, the principle is similar to a normal SMS-MZI, where interference 

takes place between the excited LP01 and LP02 modes in the MMF. The use of a graded-index 

MMF with a central dip in this design will balance the power difference between the excited 

LP01 and LP02 modes, thus improving the interference ER.  

The second SMS-MZI we have proposed is based on a graded-index MMF mismatch 

spliced between two SMFs. With the transverse offset between the SMFs and the MMF, most 

of the power is coupled into the excited LP01 and LP11 modes in the MMF. These two modes 

propagate along the MMF and interfere with each other. By carefully adjusting the transverse 

offset, the power difference between the LP01 and LP11 modes will be reduced, thus resulting 

in an improved interference ER. The details of our proposed all-fiber in-line MZIs are 

theoretically and numerically presented in Section 4.5.  

Experiments are then carried out to verify our proposed MZIs. Experimental results are 

presented and discussed in Section 4.6. Finally, a summary is given in Section 4.7.  

4.2  Conventional fiber-based MZI 

In the conventional fiber-based MZI, as shown in Fig. 4.2.1, the light is first equally divided 

into two beams by a 50:50 optical fiber coupler, and then these two beams pass through two 

different physical paths. Finally, they are recombined again by another fiber coupler, and 

interfere with each other. Using the Jones Matrix, the process of a conventional fiber-based 

MZI can be expressed as: 

 
  
  
        

          

          
 

                     
                      

            

  
     
           

       
          

          
 

                     
  
  
  
 

                      
            

 
(4.2.1) 

where K represents the coupling coefficient while   is the loss of each coupler. The subscript 

“1” and “2” represent the coupler 1 and coupler 2, respectively. L is the basic length of the 

two arms and    is the difference in length between the two arms.   is the propagation 

constant used to construct the two arms. Assuming that only one input-port is used for 

launching the optical signal, and the two 3-dB fiber couplers are ideally designed, K1 = K2 = 

0.5 and        , it can be calculated that the outputs of the conventional fiber-based MZI 

are described as: 
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  (4.2.2) 

     
        

 

 
   (4.2.3) 

with           
  

 
 

where   is the phase difference induced by the two arms, and        is the refractive index of 

the SMF used in the MZI. It can be seen that the output intensity of the two output ports 

depends significantly on the phase difference between the two arms of the interferometer. Fig. 

4.2.2 shows the corresponding transmission spectra of the two output ports. Any external 

perturbation differentially affecting the light propagating through the two arms will change 

the phase shift φ and thus the interference pattern itself. This sensitivity can be applied in 

sensing field. However, it will become a drawback if it is used in optical communications 

systems, because the stability of an optical component is usually required for maintaining 

high-quality transmission.  

 
Fig. 4.2.1. A conventional fiber MZI 

 
Fig. 4.2.2. Output of the conventional fiber-based MZI. The black line represents output T3, while the red line 

represents output T4. 

Equations (4.2.2) and (4.2.3) shows that when the phase shift is 0 (or π), output port 3 

reaches the maximum output power (or minimum output power), whilst output port 4 reaches 

the minimum output power (or maximum output power). Since all the output power is 

between the maximum and minimum, one can define a parameter “visibility”,   , to describe 

the interference pattern, as 

   
         

         
 (4.2.4) 

where      and      represent the maximum and minimum output power of the 

interferometer, respectively. 

T0 T3 

T4 

ΔL 

Coupler 1 

Coupler 2 
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 Extinction ratio 

Compared with the parameter “visibility”, ER is more often used to describe the performance 

of an interferometer, which can be defined as: 

          
    

    
  (4.2.5) 

In an ideal MZI, the maximum output power is 1, while the minimum output power is 0. 

This means that under ideal conditions, the ER of a MZI is infinite. However, because of the 

non-ideal coupling coefficient of the two couplers, and the different fiber-induced effects in 

the two arms, the ER of a fiber-based MZI is finite.  

4.3 All-fiber in-line single-mode-multimode-single-mode (SMS) structure 

Although the conventional fiber-based MZI has the advantages of simple design and ease of 

manufacture, its performance is not stable and it is sensitive to the polarization state of the 

signal [Chow 05]. In order to solve these problems and improve the accuracy of the 

measurement when it is used as a sensor, an all-fiber in-line MZI based on the SMS structure 

is proposed, as shown in Fig. 4.3.1, where only the cores of the fiber are drawn. Note that the 

MMF used in this structure is a graded-index MMF. The refractive index profile of the MMF 

is shown in Fig. 4.3.2. 

 
Fig. 4.3.1. Schematic diagram of a SMS-MZI 

 
Fig. 4.3.2. Refractive index profile of a graded-index MMF 
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Modal interference is a well-known phenomenon which has been widely studied [Sold 95, 

Leut 01]. In the SMS structure, assuming that the SMFs and the MMF are ideally aligned, 

thanks to the circular symmetry of the input field, only the circular symmetrical modes, LP0k, 

will be excited in the MMF as the light travels from the SMF to the MMF. The modal 

interference process can be explained as: 

 when the LP01 mode of the input-SMF reaches the MMF (Z = 0), the fundamental 

mode (LP01) and all of the circular symmetrical guide modes (LP0k) are excited in the 

MMF. It is necessary to highlight that in the MMF the modes propagate without 

exchanging energy, that is, with their own propagation constants. Therefore, the 

overlap integral between any two excited modes in the MMF at any transversal 

section of the fiber, S, is always zero:  

                                                           

However, since each mode has different propagation velocities, a relative phase 

difference accumulates between them. When the light propagates along length L and 

reaches the output-SMF (Z = L), only the light in the vicinity of the propagation axis 

will be recovered by the output-SMF. The amount of light recovered depends on the 

accumulated phase difference which is proportional to the difference in the 

propagation constants of the excited modes in the MMF and the length of the MMF, 

L. 

4.3.1 Coupling modes in an SMS structure 

In order to study modal interference, it is necessary to determine which modes will be excited 

in the MMF based on the SMF source, and calculate how much power will be coupled into 

these modes. Using the theory of linearly-polarized mode approximation, the normalized 

field distribution        from the input-SMF can be written approximately as a Gaussian 

beam: 

        
 

 

 

 
         (4.3.1) 

where   is the spot size at half-width at half-maximum (HWHM). It can be determined 

empirically based on the radius (as) of the SMF and V-parameter [Agra 10]: 

                 
            

    (4.3.2) 

   
    
  

    
     

  
(4.3.3) 

where λ0 is the wavelength in vacuum,     is the refractive index of the core and     is the 
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cladding refractive index of the SMF.  

The input field excites a specific number of guided modes inside the MMF. The mode 

field distribution        can be broken down into several excited modes LP0k in the MMF 

when the light enters the MMF section. Given that the input field is much smaller than the 

core diameter of the MMF, the extension of the mode field in the cladding region can be 

ignored. Defining the field distribution of excited modes LP0k as      , the input field at the 

MMF (z = 0) can be written as:  

            
   
     

 

   

 (4.3.4) 

where   
   

 is the coupling coefficient of the kth mode, LP0k, excited by the input field. Note 

that    
   

 corresponds to the excitation coefficient of the excited LP0k mode. According to 

the overlap integral method [Moha 04], the coupling coefficient of the LP0k mode,   
   

, can 

be written as:  

  
   

 
          

       
 

 
 
 

         
  

 
           

    
 

 

 (4.3.5) 

The field distribution       is determined by the refractive index profile of the MMF. It 

can be solved by combining the scalar wave equation (4.3.6) and the refractive index 

distribution of the MMF (4.3.7): 

           (4.3.6) 

             
 

  
 
 

 

   

 
(4.3.7) 

       
   

    
  

   
  

where          is the spatially dependent propagation constant.         .    is the 

core radius of the MMF.    is the maximum index of the core while    is the refractive index 

of the cladding of the MMF. According to Ghatak [Ghat 97], the field distribution of the 

excited modes in a graded-index MMF can be written as: 

           
      

 

 
         

        (4.3.8) 

with 
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 (4.3.9) 

where     represents the normalization constant of each excited LPnk mode. The parameter   

is determined by the radius   and the V-parameter of the MMF,         , where 

   
    

  
   

    
 .      is the gamma function,                . Assuming that 

the input-SMF and the MMF are aligned ideally, only the circular symmetrical modes, LP0k, 

will be excited and propagate in the MMF. Therefore, the parameter n in (4.3.8) and (4.3.9) 

is equal to 0, and the equations (4.3.8) and (4.3.9) can be simplified as: 

             
 

 
         

        (4.3.10) 

with  

     
 

    
 
   

 (4.3.11) 

Because there is no energy exchange taking place between the excited modes in the MMF, 

the total field distribution        at the output port of the MMF (z = L) can be expressed as: 

           
   
                 

 

 

   

 

   

 (4.3.12) 

where    is the propagation constant of the kth mode LP0k. Note that in this expression the 

excitation of radio modes and reflection in the interfaces are not considered. The integral 

range from z = 0 to z = L corresponds to the length of the MMF. Thus, the integral term in 

(4.3.12) is equal to    , and the (4.3.12) can be simplified as: 

           
   
               

 

   

 (4.3.13) 

The mode field excited in the out-SMF by the excited mode LP0k at the end of the MMF 

can be expressed as: 

             
      

   
               

 

   

 (4.3.14) 

where   
   

 is the coupling coefficient of the LP0k mode coupled into the output-SMF. It can 
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be written as:  

  
   

 
           

       
 

 
 
 

           
 

 
               

 

 

 (4.3.15) 

where         is the field distribution of the fundamental mode LP01 in the output-SMF. As 

can be seen, equation (4.3.15) is very similar to (4.3.5). If the output-SMF has the same 

parameters as the input-SMF, field distribution in the output-SMF is the same as that in the 

input-SMF,               , resulting in   
   

   
   

   . In this case, the power coupled 

into the output-SMF can be simplified as [Trip 09]: 

                                   
    

 

 

 

 

                   

 

   

 

 

 

                     
 

 

   

                

 

   

 

   

 

(4.3.16) 

where     is the phase difference between the LP0k and LP0m modes at the end of the MMF. 

It can be defined as: 

          (4.3.17) 

where      is the difference in propagation constants between LP0k and LP0m modes, 

          . According to Ghatak [Ghat 97], the propagation constant of each excited 

mode in the graded-index can be expressed as: 

           
         

    
 
  

  
  

 
 

 (4.3.18) 

Because only the circular symmetrical modes will be excited in the ideal SMS structure, 

   , the equation (4.3.18) can be simplified as: 

          
       

    
 
  

  
  

 
 

 (4.3.19) 

If we define that  

     
  (4.3.20) 

the equation (4.3.16) can be expressed as follows: 
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 (4.3.21) 

The definition of   in (4.3.20) represents the transmission power of each excited mode 

coupled into the output-SMF. Equation (4.3.21) predicts that the final output power of the 

SMS structure oscillates with respect to the wavelength λ, the refractive index profile and the 

length of the MMF.  

4.4 Design of an SMS structure for working as an MZI device 

4.4.1 Ideal assumption 

As demonstrated in Section 4.3.1, the output power of the SMS structure can be described by 

(4.3.21). If there are only two modes, LP01 and LP02, are excited and propagating in the 

MMF, the output power of the SMS structure can be simplified as: 

                              (4.4.1) 

It can be seen that this expression is similar to (4.2.2), which is to describe one output port 

of a conventional fiber-based MZI built with two fiber couplers. Assuming that the excited 

LP01 and LP02 modes propagate in the MMF with equal optical power, the theoretical 

spectrum responses can be seen in Fig. 4.4.1 (a), (b) and (c), with respect to the wavelength, 

refractive index and the length of the MMF, respectively. It shows that the transmission 

power of an ideal SMS structure oscillates periodically with respect to these three parameters. 

   
(a) (b) (c) 

Fig. 4.4.1. Variation in the transmission power of an SMS structure as a function of wavelength (a), cladding 

index (b) and MMF length (c). Note that these spectrum responses are based on the assumption of only LP01 and 

LP02 modes being excited and propagate in the MMF.  

The separation between the adjacent constructive peaks (or destructive valleys), Δλ, is 

defined as the transmission period, which can also be described as the difference in 

wavelengths that generates the maximum transmission power: 

            (4.4.2) 

where    and    is two neighboring wavelengths that can generate constructive peaks (or 
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destructive valleys), as shown in Fig. 4.4.1 (a).    depends on the operated wavelength since 

different modes propagate with different propagation constants. For example,           

       and                  . 

Fig. 4.4.1 (c) shows the interference period   , which is defined as the MMF length 

between the adjacent constructive peaks (or the adjacent destructive valleys). It can be seen 

that the number of oscillation in Fig. 4.4.1 (c) (N = 19) is equal to the number of the repeat    

in the length of 1 cm.  

It should be noted that the aforementioned assumption of only two modes being excited in 

the MMF is not exactly correct, since other high-order modes, such as LP03 and LP04 modes, 

will also be excited and propagate in the MMF. Moreover, these high-order modes will also 

interfere with the LP01 and LP02 modes at the output and affect the final output power. 

Moreover, the assumption of LP01 and LP02 modes having equal power is also very hard to 

implement in practice. Because the LP01 and LP02 modes have a different mode field 

distribution, according to the overlap integral method (4.3.5), the coupling coefficient of 

these two modes is different.   

However, even if the ideal assumption is not exactly correct, it does not mean that the 

SMS structure cannot be used as an MZI. In fact, the SMS structure can be used as a quasi-

MZI, since most of the power is coupled into the LP01 and LP02 modes. The high-order modes 

excited and propagating in the MMF will not seriously affect the interference taking place 

between LP01 and LP02 modes. Furthermore, the influence caused by the power imbalance 

between the LP01 and LP02 modes only affects the ER of the interference between these two 

beating modes. Parameters such as spacing Δλ and the interference period Zb, obtained in an 

SMS structure by considering all excited modes, are almost the same as those obtained under 

ideal conditions. In the following subsection, we will analyze numerically that a non-ideal 

SMS structure can also be seen as a quasi-MZI. 

4.4.2 Numerical analysis 

According to (4.3.5), it can be known that in addition to the refractive index profile, the 

radius of the MMF will also influence the input power coupled into the modes excited in the 

MMF. Figure 4.3.4 shows the coupling coefficient of the excited LP01 – LP04 modes as a 

function of the diameter of the MMF. The MMF used for numerical calculation is a 

commercial graded-index MMF and the SMFs (9/125 µm) are compliant with ITU-T G.652. 

The parameters of these two types of fiber are shown in Table 4.1. Note that the wavelength 

used for this calculation is 1.55 µm. 

The numerical results are detailed in Fig. 4.4.2. As can be seen, the coupling coefficient of 

the LP01 mode decreases monotonically and slowly, while that of the other three high-order 

modes increases monotonically and slowly with the diameter. It also shows that only a little 

power is coupled into the high-order modes such as the LP03 and LP04 modes. 

Table 4.1 Parameters of the SMF and MMF 

Parameter MMF SMF 

Radius (µm) 10 – 40 4.5 

Core index  1.4730 1.4610 

Cladding index 1.4567 1.4570 



4.4 Design of an SMS structure for working as an MZI Device 

55 
 

 
Fig. 4.4.2. Coupling coefficient of excited LP01 – LP04 modes as a function of the diameter of the MMF. 

 
Fig. 4.4.3. Coupling coefficient of excited LP01 – LP04 modes in the graded-index MMF with a diameter of 50 

µm. 

The numerical results obtained with an MMF with a diameter of 50 µm, which can be seen 

in Fig. 4.4.3, shows that more than 98% of the power is coupled into the excited LP01 and 

LP02 modes in the MMF while only a little power is coupled into the LP03 and LP04 modes. 

Therefore, since the LP01 and LP02 modes take the dominant role in all excited modes, the 

SMS structure can be seen as a quasi-MZI.  

Unlike the conventional MZI built with two fiber couplers, which obtains an optical phase 

shift through two different physical paths, the SMS-MZI obtains a phase shift through the 

difference in propagation constants between the LP01 and LP02 modes. It can be defined as 

[Horc 89]: 

                    

 

 

 (4.4.3) 

where         is the difference in propagation constants between the LP01 and LP02 modes. 
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It shows that the phase shift φ depends only on the length of the MMF and the difference in 

propagation constants. Considering that the propagation constant can be expressed as     , 

the difference in propagation constants can be written as: 

                                      
  

 
 (4.4.4) 

where      and      are the effective index of the LP01 and LP02 modes, respectively.         

is the difference in effective index between these two beating modes. 

Although other high-order modes, such as the LP03 and LP04 modes, are excited and 

propagate in the MMF, they will not essentially affect the interference between the LP01 and 

LP02 modes. According to (4.3.13), the power distribution along the MMF can be calculated, 

as shown in Fig. 4.4.4. It obviously shows that the transmission power oscillates at a certain 

period Zb, which is also called the beating length. In order to couple most of the power into 

the output-SMF, the length of the MMF should be an integer multiple of the beating length. 

Because the LP01 and LP02 modes take the dominant role among all excited modes, the 

beating length is mainly determined by these two modes, and can be written as: 

   
  

          
 (4.4.5) 

According to (4.3.14) – (4.3.16), the transmission spectrum of an SMS-MZI can be 

simulated, and the results are shown in Fig. 4.4.5, where the black line represents the 

transmission spectrum generated by all modes whilst the red line represents that generated by 

only two modes. As can be seen, the interference pattern is clear and it is very similar to that 

generated by an ideal SMS-MZI assuming that only the LP01 and LP02 modes are excited and 

propagate in the MMF. This implies that although some power is coupled into the high-order 

modes, they hardly affect the interference between the LP01 and LP02 modes. Therefore, the 

spacing  λ between the adjacent constructive peaks (or destructive valleys) and the period Zb 

is almost the same as those obtained in an ideal SMS-MZI. According to Horche [Horc 99], 

the spacing  λ can be written as: 

   
   

            
 

   

          
 
    
 

 (4.4.6) 

Equation (4.4.6) details that the spacing  λ is inversely proportional to the length of the 

MMF. Although clear interference can be obtained using an SMS-MZI, it should be noted 

that the interference ER is very low, only  4 dB. This is because in the SMS structure, the 

LP01 mode occupies almost ~ 90% of the power, while the LP02 only occupies ~ 8% of the 

power, as shown in Fig. 4.4.3. Such a large power imbalance between these two beating 

modes leads to a reduced interference ER, according to (4.2.5). Although the low 

interference ER will not affect the SMS-MZI used as a sensor, it will limit its application as a 

signal demodulator, due to high interference ER being required in this case.  
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(a) 

 
 (b) 

Fig. 4.4.4.  Power distribution along the MMF: (a) Y-cut plane; (b) the propagation axis (center).  

 
Fig. 4.4.5. Transmission spectrum of the SMS-MZI: (a) consider that all excited modes are propagating in the 

MMF; (b) assume that only LP01 and LP02 modes are propagating in the MMF. 
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4.5 Optimization of an SMS structure for working as an MZI device 

4.5.1 All-fiber SMS-MZI based on a graded-index MMF with a central dip in its 

index profile 

As analyzed in Section 4.3, the SMS structure can be seen as a quasi-MZI. However, the low 

interference ER limits its application as a signal demodulator. In order to improve the 

interference ER of the all-fiber in-line MZI, some schemes have been proposed, such as a 

step-index MMF-based MZI (SIM-MZI) [Lize 06] and a PCF-based MZI (PCF-MZI) [Du 10]. 

These two types of all-fiber in-line MZIs have been studied for use as a DPSK signal 

demodulator.  

In this section, we propose two alternative schemes to improve the interference ER of the 

SMS-MZI: one is based on a graded-index MMF with a central dip in its index profile; the 

other one is based on a graded-index MMF mismatch spliced between two SMFs, which will 

be introduced in the next section. To distinguish our proposed MZI from the normal SMS-

MZI, we call the proposed MZI a modal-interference-MZI (MI-MZI). In addition, to 

distinguish our two proposed MZIs, we call the one based on a graded-index MMF with a 

central dip an MI-MZI-1, while the other one is called an MI-MZI-2. 

 
Fig. 4.5.1. Refractive index profile of a graded-index MMF with a central dip 

Firstly, let us look at the MI-MZI-1. The structure of the MI-MZI-1 is the same as the 

normal SMS structure shown in Fig. 4.3.1, but using a graded-index MMF with a central dip 

as the MMF located in the middle. The refractive index distribution of this type of MMF can 

be described by (4.5.1) [Lore 13] and can be seen in Fig. 4.5.1. 

      
         

 

  
 
 

           
 

    
 

 

   

   

   

                 

  (4.5.1) 

where the central index dip is characterized by its relative depth               with 
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        , and width     .  

Due to the circular symmetric of the refractive index distribution, only the circular 

symmetrical guided modes, LP0k, will be excited in the MMF when light travels from the 

SMF to the MMF, if the SMFs and the MMF are aligned perfectly. This is the same as the 

SMS-MZI. The field distribution       of each excited LP0k mode is determined by the 

index profile, and can be solved by combining (4.5.1) with the scalar wave equation (4.3.6). 

With the help of OptiFiber, we can directly obtain the mode field distribution of each excited 

mode in the MMF, as shown in Fig. 4.5.2 for LP01 – LP04 modes. 

    
(a) (b) (c) (d) 

    

(e) (f) (g) (h) 

Fig. 4.5.2. Mode field distribution of the excited LP01 – LP04 modes in the graded-index MMF with a central 

dip. (a) and (e): LP01; (b) and (f): LP02; (c) and (g): LP03; (d) and (h): LP04. 

 It is interesting to note that the mode field distribution of the LP01 mode is similar to the 

refractive index profile. There is an obvious power dip in the center. Using the overlap 

integral method (4.3.5), it can be calculated that less power is coupled into the LP01 mode 

whilst more power is coupled into the LP02 mode, compared with the normal graded-index 

MMF. This characteristic can balance the power difference between the LP01 and LP02 

modes, resulting in an improved ER of interference between these two modes. Of course, it 

should be noted that besides the LP02 mode, the power coupled into the other high-order 

modes, such as LP03 and LP04, will also increase, resulting in increased high-order mode-

induced influence to the interference between the LP01 and LP02 modes, compared to the 

conventional SMS-MZI.  

According to (4.3.5), the coupling coefficient of each excited mode in the MMF can be 

calculated with respect to the diameter of the MMF, as shown in Fig. 4.5.3. As can be seen, 

the coupling coefficient of the LP01 mode decreases monotonically and quickly, whilst that 

of the LP02 mode first increases quickly, and then decreases slowly as the diameter increases. 

The power coupled into the LP03 and LP04 modes increases slowly. Moreover, it can be seen 

that the excited LP01 and LP02 more take the dominant roles when the diameter of the MMF is 
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less than 60 μm. The values of the MMF parameters used for the calculation in this section 

can be seen in Table 4.2. 

Table 4.2 Parameters of the MMF 

Parameters 
Core index 

(maximum) 
Cladding index Dip depth Dip width (µm) 

MMF 1.4730 1.4567 0.42 5 

 

 
Fig. 4.5.3. Coupling coefficient of excited LP01 – LP04 modes as a function of the diameter of the MMF with a 

central dip 

 

Fig. 4.5.4. Coupling coefficient of the LP01 - LP04 modes excited in MMF with a central dip. 

Fig. 4.5.4 details the power coupling coefficient for LP01 - LP04 modes when the diameter 

of the MMF is 50 µm. It obviously shows that more than 80% of the power is coupled into 

the LP01 and LP02 modes, and the power difference between these two modes is only about ~ 
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10%, which is even smaller than that in a normal graded-index MMF (~ 80%). Thus, the 

interference ER can be improved greatly. Note, however, that ~ 18% of the power is coupled 

into the LP03 and LP04 modes, which will induce more influence on the main interference 

between the LP01 and LP02 modes, and induce more power loss compared to the normal 

SMS-MZI device.  

 
(a) 

 
 (b) 

Fig. 4.5.5. Power distribution along the MMF: (a) Y-cut plane; (b) the propagation axis (center).  

According to (4.3.13), the power distribution along the MMF can simulated, which is 

detailed in Fig. 4.5.5. As can be seen, on the one hand, the power distribution along the 

MMF with a central dip is similar to the normal graded-index MMF, oscillating at a certain 

period, zb.  On the other hand, the power distribution is quite different from that in a normal 

graded-index MMF. The power will focus on the central axis only when the length of the 

MMF is an integer multiple of the beating length zb. In other positions, most of the power is 

distributed away from the central axis. This characteristic means that a rigorous MMF length 

is required when an MMF with a central dip is used to design an all-fiber, in-line MZI. 

Therefore, in order to couple most of the power into the out-SMF, the length of the MMF 

should an integer multiple of beating length zb:  

 

  
                (4.5.2) 

In addition, the comparison between Fig. 4.4.4 and Fig. 4.5.5 also shows an interesting 

thing: the power at the junction between the MMF and the output-SMF is much higher than 

that at the SMS-MZI. This can be understood from the reflections. 
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(a) (b) 

Fig. 4.5.6. Transmission spectrum of the proposed MI-MZI device based on a graded-index MMF with a central 

dip with  length of 20 cm (a) and 50 cm (b)Δλ 

Although the increase in power coupled into the high-order modes will increase the 

influence on the interference between the two dominant modes, LP01 and LP02, these high-

order modes will not essentially change the interference between the LP01 and LP02 modes. 

This can be demonstrated from the numerical calculation. According to (4.3.21), the 

transmission spectrum of the MI-MZI-1 device with a different MMF length can be obtained, 

as shown in Fig. 4.5.6, where the red line details the transmission spectrum of the MI-MZI-1 

by assuming that the LP01 and LP02 modes only propagate in the MMF, while the black line 

shows that by assuming all excited modes propagating in the MMF. It clearly shows that 

interference ER of > 30 dB can be easily obtained. The comparison between the two 

simulated cases shows that the spacing Δλ is almost the same. This demonstrates that, even 

though the power coupled into the high-order modes increases, the transmission spectrum is 

still dominated by the LP01 and LP02 modes. Therefore, the spacing Δλ between the adjacent 

constructive peaks (or destructive valleys) can also be expressed as (4.4.6): 

   
   

          
 
    
 

 

with a beat length the same as (4.4.5): 

   
  

          
 

Thus, it can be known that the spacing Δλ is inversely proportional to the length of the 

MMF. The comparison between Fig. 4.5.6 (a) and (b) shows that increasing the MMF length 

from 20 to 50 cm leads to a decrease in spacing Δλ from 4.444 to 1.778 nm.  

Furthermore, it is interesting to see from Fig. 4.4.6 that, in most of the wavelength range, 

the interference ER of the transmission spectrum obtained by considering all excited modes 

is higher than that obtained by only calculating two beating modes. The apparent intensity 

modulation with respect to the wavelength in the outline of the transmission spectrum is 

caused by the high-order modes. This, on the other hand, demonstrates that the high-order 

modes only affect the ER of the interference between the two beating modes, LP01 and LP02, 

in the proposed MI-MZI device. 
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Without considering the influence induced by other modes, the transmission spectrum of 

our proposed MI-MZI-1 can also be simplified as (4.4.1): 

                              

with phase difference: 

                         

 

 

 

4.5.2 All-fiber SMS-MZI based on a graded-index MMF mismatch spliced between 

two SMFs  

All the aforementioned analyses in Section 4.3 and 4.4 are based on all fibers being aligned 

perfectly. However, under real conditions, it is very hard to make all fibers align perfectly. In 

other words, transverse offset in the conjunction between the SMFs and the MMF is 

unavoidable. In this case, not only the circular symmetrical modes will be excited, but also 

the non-circular symmetrical modes, such as the LP11 and LP21 modes. These unexpected 

modes will occupy some power and affect the interference between the two beating modes. 

When the transverse offset reaches a certain value, the SMS used as an MZI will be destroyed. 

But the drawback of transverse offset in the conjunction, on the other hand, can be applied to 

building another type of MZI, if we can find a point of transverse offset in which the LP02 

mode will be suppressed and, at the same time, another mode such as the LP11 mode, will be 

excited and take the dominant role like the LP01 mode. In this section, we will propose 

another type of SMS-MZI, which is based on a graded-index MMF mismatch spliced 

between two SMFs. We write it as IM-MZI-2 so as to distinguish it from the IM-MZI-1. 

Based on the misalignment between the SMFs and the MMF, it can be divided into three 

types, as shown in Fig. 4.5.7 (a) – (c): (a) input-SMF and output-SMF are on the same 

propagation axis but offset from the center of the MMF; (b) the input-SMF is aligned with the 

MMF while the output-SMF is misaligned; (c) both the input-SMF and the output-SMF are 

randomly misaligned with the MMF and they will not be on the same propagation axis.  

Assuming that the transverse offset between the input-SMF and the MMF is xd1, whilst 

that is xd2 between the MMF and the output-SMF, the coupling coefficient based on the 

overlap integral method at z = 0 and z = L can be, respectively, modified as follows:  

   
   

 
               

       
 

 
 
 

          
 

 
                

 

 

 (4.5.3) 

   
   

 
            

           
 

 
 
 

          
 

 
                

 

 

 (4.5.4) 
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(a) (d) 

 

 
(b) (e) 

 

(c) 

 
(f) 

 
 (g) 

Fig. 4.5.7. Structure of all-fiber MZI based on an MMF mismatch spliced between two SMFs: (a) the input-

SMF and the output-SMF are in the same propagation axis, (b) the input-SMF is aligned to the center while the 

output-SMF deviates from the center, (c) the input-SMF and the output-SMF are randomly spliced with the 

MMF; (d) – (g) are the corresponding power distribution in the along the fibers. Note that (f) and (g) correspond 

to structure (c).  

Because the MMF used in these SMS structures is also the common graded-index MMF, 

the field distribution of each excited mode in the MMF can be described using expressions 

(4.3.8) and (4.3.9). The field distribution at z = L and power coupled into the output-SMF 

can be written as: 
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- Field distribution at z = L, 

             
   
                 

 

   

 

   

 (4.5.5) 

- Output power, 

           
   
   
   

 

   

 

   

          
   
   
   
   
   
   
   
           

 

   

 

   

 

   
     

 

   

 (4.5.6) 

where                 is the phase difference between the LPnk and LPqp modes.  

According to (4.5.3) – (4.5.6), the power distribution along the MMF and the power 

coupled into the output-SMF can be calculated, as shown in Fig. 4.5.7 (d) – (g), 

corresponding to the three types of transverse offset-based SMS structures.  

As can be seen, in the first type, Fig. 4.5.7 (a), where the input- and output-SMFs are on 

the same propagation axis, the power oscillates in the MMF at a fixed period and most of the 

power is coupled into the output-SMF when the length of the MMF is integer multiples of the 

beating length zb. In the second type, Fig. 4.5.7 (b), where the input-SMF is aligned to the 

MMF while the output-SMF is misaligned, the power distribution along the MMF is the same 

as the normal SMS structure, but only a little power is coupled into the output-SMF, because 

most of the power is concentrated near the central axis. In the third type, Fig. 4.5.7 (c), where 

both input- and output-SMFs are randomly misaligned with the MMF, two cases appear in 

the output power. The first one is that only a little power is coupled into the output-SMF, as 

shown in Fig. 4.5.7 (f). The second one is that most of the power can be recovered if the SMS 

structure satisfies two conditions: (1) the length of the MMF is odd times the halved beating 

length, zb/2; (2) the center of the input- and output-SMFs is symmetrical as regards the center 

of the MMF.  

Therefore, it can be seen that only the first and the third structures have the possibility of 

being used as an MZI. To simplify the structure and reduce the implementation difficulty, 

only the first structure is looked into in this section.  

According to (4.5.3), we can calculate the coupling coefficient of each excited mode in the 

MMF as a function of the transverse offset xd, which is shown in Fig. 4.5.8 for LP01, LP11, 

LP02 and LP21 modes. Note that the diameter of the MMF used in this numerical calculation 

is 50 µm. The other parameters of the MMF can be read in Table 4.1, together with the SMF 

parameters.  

As can be seen, the coupling coefficient of the LP01 mode decreases monotonically and 

quickly, while that of the LP11 mode first increases quickly, and then decreases slowly with 

the transverse offset xd. Although many modes will be excited, most of the power is coupled 

into the LP01 and LP11 modes, especially when the transverse offset reaches a certain value. 

Fig. 4.5.9 shows the coupling coefficient of the excited LP01, LP11, LP02 and LP21 modes 

when xd = 5µm, by comparing them to the perfectly aligned SMS structure. Although the 



4 Novel all-fiber Mach-Zehnder interferometers based on multimode interference 

66 
 

power coupled into the LP01 and LP11 modes is ~ 90%, which is a little less than that coupled 

into the LP01 and LP02 modes (~ 98%) in the SMS structure with all fibers aligned perfectly 

(xd = 0), the power difference between the LP01 and LP11 modes is only ~ 10%, which is 

even smaller than that between the LP01 and LP02 modes in the perfectly aligned SMS 

structure (~ 80%). This means, based on (4.2.5), the interference ER between the two 

beating modes can be improved greatly using the SMS structure with xd = 5µm.  

 
Fig. 4.5.8. Coupling coefficient of excited modes as a function of transverse offset xd. 

 

Fig. 4.5.9. Coupling coefficient of the LP01, LP02, LP11 and LP21 modes when xd = 5 µm by comparing them to 

the case of all fibers being perfectly aligned. 

Assuming that the parameters of the output-SMF are the same as the input-SMF, then 

   
   

    
   

    , the expression (4.5.6) of the output power can be simplified as: 

           
 

 

   

 

   

          
                

 

   

 

   

 

   
     

 

   

 (4.5.7) 

According to (4.5.7), the transmission spectrum of the IM-MZI-2 device can be simulated, 

as the black line shows in Fig. 4.5.10. Note that the transverse offset is 5 µm in the design. 
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The red line represents the assumption that only the LP01 and LP11 modes are excited and 

propagate in the MMF. It can be seen that, similar to the MI-MZI-1 presented in Section 4.4, 

the transmitted power Pout of the MI-MZI-2 also has an oscillatory behavior with respect to 

the wavelength λ and the length of the MMF, L. Besides these two factors, it should be noted 

that the transverse offset xd will also affect the transmission behavior, since the power 

coefficient of each excited mode is related to the xd.  

  
(a) (b) 

Fig. 4.5.10 Transmission spectrum of the MI-MZI device based on a graded-index MMF mismatch spliced 

between two SMFs with an MMF length of 50 cm (a) and 100 cm (b)Δλ 

Fig. 4.5.10 also details that the spacing Δλ obtained in the MI-MZI-2 by considering all 

excited modes is almost the same as that obtained by only taking into account the two 

beating modes, LP01 and LP11. This, on the other hand, demonstrates that the excited high-

order modes, such as LP02 and LP21 modes, will not essentially affect the interference 

between the two dominant modes. Therefore, the spacing Δλ can also be expressed as: 

   
   

          
 
    
 

 (4.5.8) 

with beating length: 

   
  

          
 (4.5.9) 

It can be seen that the spacing Δλ is inversely proportional to the length of the MMF. The 

comparison between Fig. 4.5.4 (a) and (b) indicates that increasing the MMF length from 50 

to 100 cm leads to a decrease in spacing Δλ from 3.23 to 1.64 nm.  

Without considering the high-order modes, the transmission spectrum (4.5.7) of the 

proposed MI-MZI-2 can be simplified as: 

                              (4.5.10) 

with phase difference: 
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 (4.5.11) 

where         is the difference in propagation constants between the LP01 and LP11 modes. 

4.6 Performance analysis of the proposed SMS structure 

In order to verify the theoretical analysis that high interference ER can be obtained using the 

proposed MI-MZIs and the interference ER varies with respect to the bandwidth, many 

experiments were carried out in this section, together with the discussions of the experimental 

results. 

4.6.1 Experimental setup 

Fig. 4.6.1 shows the experimental setup to measure the transmission spectrum. According to 

the aforementioned analysis, three experiments were carried out to observe the transmission 

spectra of the three types of SMS structure-based MZIs, which are shown in Fig. 4.6.1; (a) 

details a normal SMS-MZI with all fibers aligned, (b) the proposed MI-MZI based on a 

graded-index MMF with a central dip (MI-MZI-1), and (c) the proposed MI-MZI based on a 

graded-index MMF mismatch spliced between two SMFs (MI-MZI-2). Several optical 

components, including light source, SMF, MMF and spectrum analyzer, are briefly described 

in the following. The experimental results are presented and discussed in the next subsection.  

 
Fig. 4.6.1. Experimental setup for observing the transmission spectrum of the SMS structure-based MZI: (a) a 

normal SMS-MZI with all fiber aligned; (b) the proposed MI-MZI based on a graded-index MMF with a central 

dip MI-MZI-1); (c) the proposed MI-MZI based on a graded-index MMF mismatch spliced between two SMFs 

(MI-MZI-2).   
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Fig. 4.6.2. Spectrum of the white light used in the experiment. 

 Light source 

To explore the characteristics of the transmission spectrum of the two proposed MI-MZIs, the 

light source should provide a wide spectrum range with flat spectrum. In the experiment, a 

white light (Advantest TQ8111) with almost a flat spectrum in the range from 0.633 µm to 

1.62 µm, as shown in Fig. 4.6.2, was used.  

 

 Spectrum analyzer 

To obtain the transmission spectrum with respect to the wavelength, a spectrum analyzer 

(Advantest TQ8345) based on the method of Fourier spectroscopy was used in the 

experiment. This spectrum analyzer can work in an extreme accuracy in axis of wavelength 

(resolution  ≤ 0.1 nm). 

 Single-mode fiber (SMF) 

The SMFs used for constructing the MI-MZIs in the experiment are the commercial standard 

SMFs compliant with ITU-T G.652. The diameters of the core and cladding are 9 and 125 µm, 

respectively. The cutoff wavelength     of this SMF is 1.174 µm. The profile of refractive 

index is shown in Fig. 4.6.3. 

 
Fig. 4.6.3. Profile of refractive index of the SMFs used in the experiment. 
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Table 4.3 Parameters of the MMFs used in the experiment. 

Fiber MMF1 MMF2 

Core diameter (µm) 50 50 

Cladding diameter (µm) 125 125 

Numerical Aperture 0.22 0.22 

Core/Cladding offset (µm) 1.5 2.4 

Maximum core index 1.4730 1.4736 

Cladding index 1.4567 1.4571 

Profile of refractive index (a) (b) 

 Multimode fiber (MMF) 

The central part of the MI-MZIs is made up of an MMF with length of L. In the experiment, 

two types of MMFs are used: one is a graded-index MMF with a central dip (MMF1); the 

other one is a normal graded-index MMF (MMF2). The index profile of these two types of 

MMF can be seen in Fig. 4.6.4, and the corresponding parameters are detailed in Table 4.3. 

Because the refractive index decays abruptly in the center of the core in the MMF1, 

producing a V-shaped sinking, this type of profile is sometimes called “central profile in V ”. 

  
(a) (b) 

Fig. 4.6.4. Profile of refractive index of the MMFs used in the experiment: (a) graded-index MMF with a central dip; 

(b) normal graded-index profile, with diameter of 50 µm. 

4.6.2 Experimental results and discussions 

The modal capacity of a fiber is determined by the V-parameter of the fiber, which is defined 

by the equation (4.3.3): 

  
       

 
 (4.6.1) 

with aperture number of       
    

 .  
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In the step-index fiber, if        , only the fundamental LP01 mode is excited and 

propagates in the fiber. With the increase in the V-parameter, more modes are excited and 

propagate in the fiber. From (4.6.1) it can be seen that the permitted modes excited in the 

fiber is inversely proportional to the operated wavelength λ. For example, if a fiber is 

designed as an SMF for wavelength of 1.55 μm, it may be not an SMF when the operated 

wavelength is shorter than 1.55μm. 

Although the transmission spectrum of the white source used in the experiment has a wide 

flat spectrum from 0.633 to 1.62 μm, the operated wavelength should be longer than the 

cutoff wavelength of 1.174 μm for guaranteeing that only the LP01 mode propagating in the 

input-SMF. Fig. 4.6.5 shows the transmission spectrum of the proposed MI-MZI-1 with 

MMF length of 5 cm. As can be seen, although the measured spectral range is from 1 to 1.6 

μm, the transmission spectrum with oscillatory behavior with respect to the wavelength can 

only be observed when       . When        , the oscillatory behavior is irregular. This is 

because in this spectral range more than one mode propagates in the SMF, and each of these 

modes will excite a number of modes when it enters the MMF, resulting in chaotic modal 

distribution without a defined interference period. Therefore, this spectral range will not be 

used in the experiment.  

Based on the optical components and experimental setups presented in the aforementioned 

subsections, the two proposed MI-MZIs and the common SMS-MZI have been studied at 

different MMF lengths. Experimental results are presented and analyzed in the following.  

 

Fig. 4.6.5. Transmission spectrum of the SMS-MZI based on a graded-index MMF with a central dip (L = 5 cm) 

in spectrum range of 1 – 1.6 µm. 

 Experiment a): transmission spectrum of a normal SMS-MZI 

We first carried out an experiment to observe the transmission spectrum of a common SMS-

MZI, as shown in Fig. 4.6.1 (a), with an MMF length of 32 cm. The experimental result is 

shown in Fig. 4.6.6. As can be seen, although an interference pattern can be observed in some 

wavelength ranges, the interference ER is very low (~ 2 dB). This result agrees with the 
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aforementioned theoretical analysis: most of the power is coupled into the LP01 mode and 

only a little power is coupled into the LP02 mode. The large power difference between the two 

beating modes gives rise to a very low interference ER.  

 

Fig. 4.6.6. Transmission spectrum of a normal SMS-MZI with MMF length of 32 cm. 

 Experiment b): transmission spectrum of the proposed MI-MZI based on a graded-

index MMF with a central dip (MI-MZI-1) 

Experiments were carried out using the proposed MI-MZI-1 device, as shown in Fig. 4.6.1 

(b), with different MMF lengths (19.5, 45.5, and 63.5 cm). The experimental results are 

shown in Fig. 4.6.7 (a) - (c). As can be seen, an interference ER as high as 12 dB is obtained. 

These results agree with the theory analyzed in Section 4.4: much more power is coupled into 

the LP02 mode and less power is coupled into the LP01 mode in the MMF with a central dip, 

resulting in a high interference ER between the two beating modes. The comparison between 

Fig. 4.6.7 (a) – (c) indicates that the wavelength spacing Δλ is inversely proportional to the 

length of the MMF, which also corresponds to (4.4.6). By increasing the length of the MMF 

from 19.5 to 63.5 cm, it gives rise to a decrease in wavelength spacing Δλ from 4.73 to 1.45 

nm. 

The transmission spectrum in Fig. 4.6.7 (b) and (c) reveals the periodic nature on the 

change in the interference ER. This phenomenon agrees with the theoretical analysis 

mentioned in Section 4.4: some high-order modes, such as LP03 and LP04, are excited and 

propagate in the MMF. However, the transmission spectrum is mainly determined by the 

phase difference between the LP01 and LP02 modes at the end of the MMF, as these two 

beating modes take the dominant role. At a certain wavelength, the output power reaches the 

minimum due to the destructive interference, when the phase difference is equal to the odd 

times of π; the output power reaches the maximum because of the constructive interference 

when the phase difference is equal to the even times of π. In theory, the spectral period 

should be inversely proportional to the length of the MMF, which agrees with the 

experimental results: increasing the length of the MMF from 45.5 cm to 63.5 cm leads to a 

decrease in the spectral period from 38.9 nm to 29 nm. 



4.6 Performance analysis of the proposed SMS structure 

73 
 

  
(a) (b) 

 
(c) 

Fig. 4.6.7. Transmission spectrum of the proposed MI-MZI based on a graded-index with a central dip: (a) L = 

19.5 cm, (b) L = 45.5 cm; (c) L = 63.5 cm. 

 Experiment c): transmission spectrum of the proposed MI-MZI based on a graded-

index MMF mismatch spliced between two SMFs (MI-MZI-2) 

Experiments were carried out using the proposed MI-MZI-2 device which is based on a 

graded-index MMF mismatch spliced between two SMFs, as shown in Fig. 4.6.1 (c). 

Experimental results are detailed in Fig. 4.6.8 (a) - (c), corresponding to an MMF length of 

38.5, 46 and 76 cm, respectively. Like the MI-MZI-1 device, interference ER of ~ 12 dB can 

be obtained in the experiment. These results are in agreement with the theoretical analysis 

presented in Section 4.5: much more power is coupled into the LP11 mode while less power is 

coupled into the LP01 mode, compared to the case of all fibers ideally aligned, thus leading to 

high interference ER. The comparison between Fig. 4.6.8 (b) and (d) also demonstrates that 

the spacing Δλ is inversely proportional to the length of the MMF: increasing MMF length 

from 38.5 to 76 cm leads to a decrease in spacing Δλ from 4.34 to 2.22 nm. 

The transmission spectrum in Fig. 4.6.8 (b) and (c) also reveals the periodic nature in the 
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change in the interference ER. This phenomenon agrees with the theoretical analysis 

mentioned in Section 4.5: the excited high-order modes, such as the LP02 and LP21 modes, 

propagating in the MMF only affect the ER of the interference between the two dominant 

modes, LP01 and LP11, thus resulting in the outline oscillating with respect to the wavelength. 

Fig. 4.6.8 (b) and (c) state that by increasing the length of the MMF from 46 to 76 cm leads 

to a decrease in the spectral period from 78 to 49 nm, which agrees with the theory: the 

spectral period should be inversely proportional to the length of the MMF. 

  
(a) (b) 

 
(c) 

Fig. 4.6.8. Transmission spectrum of the proposed MI-MZI based on a graded-index MMF mismatch spliced 

between two SMFs, with different length of the MMF: (a) L = 38.5 cm, (b) L = 46 cm; (c) L = 76 cm. 

 Comparison between the MI-MZI-1 and MI-MZI-2 

Through the experiment it can be seen that the transmission spectra obtained using both MI-

MZI-1 and MI-MZI-2 are very similar. Because of the influence caused by the high-order 

modes excited in the MMF, the outline of the transmission spectrum oscillates with respect to 

the wavelength at a certain period. 
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However, through the comparison between Fig. 4.6.8 (b) and Fig. 4.6.9 (b), it can be found 

that the spacing Δλ is very different, even if the length of the MMF is almost the same. This 

can actually be understood through the definition of the spacing Δλ, (4.4.6): 

   
   

          
 

   

        
 (4.6.2) 

The spacing Δλ is relative to the difference in propagation constants. Although the index 

profile of the MMF with a central dip is a little different from the normal graded-index MMF, 

The propagation constant of each excited mode can be calculated approximately using 

(4.3.18): 

           
         

    
 
  

  
  

 
 

 (4.6.3) 

Therefore, it can be calculated that,  

   
          

          
          

                                     (4.6.4) 

When an SMS-MZI is used as a signal demodulator, one very important parameter is the 

time delay between the two dominant modes, and the required MMF length is determined by 

the time delay. Combining it with (4.6.2), the time delay can be defined as: 

   
 

     
 

 

      
 
     

  
 

  

   
 (4.6.5) 

where c is the speed of light in a vacuum.             ,     and     represent the first and 

second dominant modes, respectively. In fact, equation (4.6.5) shows that the time delay is 

proportional to the difference in propagation constants and the length of the MMF. For a 

specific MMF, it is assumed that the index profile is the same throughout the entire length. 

Therefore, the time delay is only accumulated as the length of the MMF increases. In order to 

evaluate the delay efficiency of the proposed MI-MZIs, we also define another parameter 

called the delay coefficient,   . It corresponds to the time delay in a one-meter MMF, as: 

   
  

 
 
    
  

 
  

    
 (4.6.6) 

It can be seen that the delay coefficient only depends on the difference in propagation 

constants between the two dominant modes. Combining it with equation (4.6.4), it is known 

that the delay coefficient of the MI-MZI-1 is higher than that of the MI-MZI-2, which means, 

for demodulating the same bit-rate DPSK signal, less MMF length is required using the MI-

MZI-1. This can improve the demodulator performance, since the longer the MMF, the more 

the unexpected effects such as PMD and nonlinearities, induced by the MMF, which will 

further degrade the signal. According to (4.6.6), it can be calculated that, through the 

experimental results, the delay coefficient of the MI-MZI-1 is 8.67 ps/m, whilst that is 4.81 

ps/m for the MI-MZI-2.  
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4.7 Conclusions 

An all-fiber, in-line MZI based on an SMS structure with a graded-index MMF is 

theoretically and experimentally studied in the chapter. Theoretical analysis shows that, 

although many modes will be excited in the MMF, more than 98% of the power is coupled in 

the LP01 and LP02 modes. Moreover, experimental results demonstrate that an interference 

pattern can be observed. Thus, the SMS structure can be seen as a quasi-MZI. However, both 

theoretical analysis and experimental results demonstrate that the ER of the transmission 

spectrum is very low. Although this drawback will not limit its application as an optical 

sensor, it will limit its application as a signal demodulator for use in the optical 

communications systems. 

In order to improve the interference ER of the SMS-MZI, two alternative SMS structure-

based MZIs are proposed and analyzed in this chapter. One is based on a graded-index MMF 

with a central dip in index profile (MI-MZI-1) and the other on a graded-index MMF 

mismatch spliced between two SMFs (MI-MZI-2). Theoretical analysis shows that more than 

80% of the power is coupled into the LP01 and LP02 modes in the MI-MZI-1, and the power 

difference between these two modes is less than 10%. In the MI-MZI-2, ~ 90% of the power 

is coupled in the LP01 and LP11 modes, and the power difference between them is ~ 10%. 

Although more power is coupled into the high-order modes in these two schemes compared 

to the conventional SMS-MZI, they do not essentially affect the interference between the two 

dominant modes. Spacing Δλ between the adjacent constructive peaks (or destructive valleys) 

in the transmission spectrum obtained using the two proposed MI-MZIs is almost the same as 

that obtained on the assumption that only two modes propagate in the MMF. Moreover, 

spacing Δλ is inversely proportional to the length of the MMF, and is proportional to the 

operated wavelength. Furthermore, theoretical analysis through numerical calculation shows 

that interference ER of more than 30 dB can be easily obtained using the two proposed 

schemes.  

Finally, an experiment was carried out to verify the theoretical analysis. Experimental 

results are in agreement with the theory. Interference ER of ~ 12 dB is obtained using the two 

proposed MI-MZIs in the experiment, whilst that is only ~ 2 dB using the conventional SMS-

MZI. Experimental results also reveal the periodic nature on the change in the interference 

ER, which, on the other hand, demonstrates that some high-order modes are excited and 

propagate in the MMF. In addition, comparison between the two proposed MI-MZIs indicates 

that the MI-MZI-1 has higher delay coefficient.   
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Chapter 5 

 

 

5 DESIGN AND ANALYSIS OF THE PROPOSED MI-MZI 

DEVICES FOR DPSK SIGNAL DEMODULATION 

 

 

 

 

5.1 Introduction 

DPSK signal is a promising signal because of the improvement in 3-dB OSNR sensitivity, 

compared to the OOK signals. In order to carry out DPSK transmission, a key technology in 

the receiver is to convert the phase modulated signal into the intensity modulation signal to 

be detected by a photodetector. Generally, a delay interferometer such as an MZI is used to 

demodulate DPSK signals. The advantage of this receiver is the simple design and ease of 

manufacture. However, since both arms in a conventional MZI are two different physical 

paths, the performance interferometer is easily affected by the environment such as 

temperature. Therefore, the performance of the DPSK receiver based on a conventional MZI 

is also unstable, because of the effects caused by environment. To stabilize the receiver 

performance, an active temperature control scheme is usually required at the receiver. More 

details on the conventional DPSK receiver can be found in Chapter 3.  

In order to improve the receiver performance, some DPSK receivers based on all-fiber, in-

line MZIs have because reported, e.g. a PCF-MZI-based receiver [Du 10] and a step-index 

MMF based receiver [Lize 06]. Because of the use of low-cost, commercial optical 

components, the cost of the all-fiber in-line MZI-based DPSK receivers can be potentially 

reduced. Moreover, since the interference takes place between two different modes exited in 

the middle fiber, the polarization dependence can be reduced. 

In Chapter 4, we have proposed two novel all-fiber, in-line MZIs. The study of the 

transmission spectrum, through theory and experiment, shows that our proposed MI-MZIs 

can provide high interference ER, compared to the common SMS-MZI. Given this 

characteristic, our proposed MI-MZIs provide a possibility of use as a DPSK demodulator. 

Hence, we will study, through theory and simulation, the application of our proposed MI-
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MZIs as a DPSK demodulator for 40 Gbps DPSK signal demodulation in this chapter.  

In Section 5.2, the use of our proposed MI-MZIs as a DPSK demodulator will be discussed 

from working principles. The simulation design of a 40 Gbps DPSK for verifying our 

proposed MI-MZIs is also presented in the section.  

Simulation results, including receiver sensitivity, OSNR sensitivity, narrow optical 

filtering, chromatic dispersion tolerance and polarization mode dispersion tolerance, will be 

presented and discussed in Section 5.3.  

Finally, the conclusions are detailed in Section 5.4. 

5.2 Design of the proposed MI-MZIs for DPSK signal demodulation 

5.2.1 Working principle 

Although a conventional fiber-based MZI is usually used for DPSK signal demodulation due 

to its simple structure, ease of manufacture, and easy implementation, it has an obvious 

drawback: performance instability. It is easy for the environment, such as temperature, to 

affect it because the two arms in the MZI are two different physical fiber paths. Therefore, an 

active control of temperature is usually required to be implemented in the receiver to mitigate 

the temperature-induced effect, which will increase receiver complexity. Moreover, the 

polarization-dependent phase shifts should also be avoided within the MZI, to stabilize the 

receiver performance.  

In order to improve the receiver performance and, reduce both the implementation 

difficulty and the total cost. Some novel schemes based on all-fiber, in-line MZIs are 

proposed to demodulate the DPSK signals, such as a MMF-MZI [Lize 06], a PCF-MZI [Du 

10], a PMF-MZI [Ciar 04] and a BFL-MZI [Chow 05]. More details on these schemes can be 

found in Chapter 3 and the corresponding references.  

As discussed in Chapter 4, theoretical analysis and experimental results have shown that 

our proposed MI-MZIs (MI-MZI-1 and MI-MZI-2), which are also based on the SMS 

structure, can provide a good performance. Therefore, in this section, we will verify their 

application as a demodulator for DPSK signal demodulators through theory.  

Although many modes are excited and propagate in the MMF in the two proposed MI-

MZIs, most of the power is coupled into two dominant modes, such as the LP01 and LP02 

modes in the MI-MZI-1 and the LP01 and LP11 modes in the MI-MZI-2, resulting in a 

transmission spectrum determined by them. Without considering the effects caused by the 

high-order modes, the transmission spectrum of the both proposed MI-MZIs can be 

simplified as (4.4.1) and (4.5.10). 

- MI-MZI-1 

                              (5.2.1) 

with phase difference: 

                         

 

 

 (5.2.2) 
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- MI-MZI-2 

                              (5.2.3) 

with phase difference: 

                         

 

 

 (5.2.4) 

In order to demodulate a DPSK signal accurately, the time delay, calculated by (4.6.5), 

between the two beating modes should be equal to one symbol duration, T. In this case, the 

previous symbol can be seen as a reference to demodulate the current one. According to 

(4.6.5), the required length of the two types of MMFs used in the proposed MI-MZIs can be 

written respectively as: 

- MI-MZI-1 

            
    

        
 

   

       
 

(5.2.5) 

- MI-MZI-2 

            
    

       
 

   

       
 

(5.2.6) 

It can be seen that the required length of the MMF is directly determined by the difference 

in propagation constants between the two beating modes. According to (4.6.6), we know that 

the required length of the MMF for the MI-MZI-2 is longer than that for the MI-MZI-1, to 

generate a delay of one symbol in duration. When the delay is equal to one symbol in 

duration, the output (5.2.1) and (5.2.3) can be modified respectively as: 

                                       (5.2.7) 

                                       (5.2.8) 

with 

                  (5.2.9) 

where      is the phase information encoded in the lightwave and it is {0, π} for DPSK 

signals. It shows that the expressions (5.2.7) and (5.2.8) are similar to (3.2.1), which is 

obtained in one port of the conventional MZI-based DPSK demodulator. Thus, based on 

(5.2.7) – (5.2.9), the DPSK signal can be accurately demodulated using our proposed MI-

MZI-based demodulators. 
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As analyzed in Chapter 4, the imbalance between the two beating modes gives rise to a 

finite interference ER. This drawback will degrade the receiver performance. Moreover, the 

excited high-order modes propagated in the MMF in our proposed MI-MZIs will also affect 

the receiver performance. Furthermore, it should be pointed out that balanced detection 

cannot be used in our proposed DPSK receivers, since the proposed MI-MZIs can only 

provide one output port.  

5.2.2 Required length of the MMF used in the MI-MZIs 

The MMF models used for the simulation can be seen in Fig. 4.3.2 and Fig. 4.5.1, and the 

corresponding parameters are detailed in Table 5.1. Based on the delay coefficient (4.6.6) 

and the numerical calculations shown in Fig. 4.5.6 and Fig. 4.5.10, it can be calculated that 

the delay coefficients of the MI-MZI-1 and MI-MZI-2 are 9.01 and 4.93 ps/m, respectively. 

These results are very close to the experimental results, which are 8.67 and 4.81 ps/m for the 

MI-MZI-1 and MI-MZI-2, respectively. Thus, it can be concluded that the fiber models used 

in the simulation are very close to the practical fibers, and the results obtained in the 

simulation can be as a significant reference to the practical conditions. According to the delay 

coefficient, the required length of the MMF can be written as, 

  
  

  
 

  

     
 (5.2.10) 

Therefore, it can be calculated that the required MMF length is 2.775 m for MI-MZI-1 

while it is 5.068 m for MI-MZI-2, for generating a 25 ps delay (one-symbol in duration in 40 

Gbps DPSK signals) between the two beating modes. Note that the wavelength used for 

calculation is 1.55 µm. It can be seen that the required length of the MMF is a little long, 

which will introduce unexpected effects, such as chromatic dispersion and PMD, to the 

signals, resulting in signal degradation. The length can be somewhat shortened by modifying 

the refractive index profile of the MMF. The transmission spectra of the two MI-MZIs with 

the required MMF length are shown in Fig. 5.2.1. It obviously shows that high interference 

ER can be obtained using the two proposed schemes. 

Table 5.1 Parameters of the fibers 

Parameters MMF1 MMF2 SMF 

Core 1.4736 1.4730 1.4610 

Cladding 1.4571 1.4567 1.4570 

Core diameter (µm) 50 50 9 

Cladding diameter (µm) 125 125 125 

Numerical Aperture 0.22 0.22 0.11 

Transverse offset (µm) 0 5 / 
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(a) (b) 

Fig. 5.2.1. Transmission spectra: (a) MI-MZI-1 with MMF length of 2.775 m; (b) MI-MZI-2 with MMF length 

of 5.068 m. 

 
Fig. 5.2.2. Design of simulation structure: including a conventional DPSK transmitter and our proposed MI-

MZI-based receiver. CW: continuous wave; BSG: bit sequence generator; PG: pattern generator; MZM: Mach-

Zehnder modulator; OA: optical amplifier; BPF: bandpass filter; BER: bit error rate; PD: photodetector. (a) 

Structure of MI-MZI-1which is based on a graded-index MMF with a central dip; (b) Structure of MI-MZI-2 

which is based on a graded-index MMF mismatch spliced between two SMFs. 

5.2.3 Simulation design of a 40 Gbps DPSK system 

Given the theoretical analysis presented in the aforementioned sections, it is known that the 

proposed MI-MZIs can be used for DPSK signal demodulation. In this section, the simulation 

design of a 40 Gbps DPSK system is presented.  

Fig. 5.2.2 shows the simulation design of a 40 Gbps DPSK system, including a 
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conventional DPSK transmitter and the proposed DPSK receiver. At the transmitter, a 1550 

nm CW source was modulated by a LiNbO3 MZM, driven by a 40 Gbps precoded data 

stream, which is a pseudo random bit sequence (PRBS) of length 2
9 
– 1, to generate a 40 

Gbps DPSK signal. The signal was then launched into an erbium-doped fiber amplifier 

(EDFA) with a variable attenuator in front of it to adjust the received OSNR. At the receiver, 

the noise-loaded signal was first filtered by a bandpass filter with a 3-dB bandwidth of 85-

GHz, and then it was demodulated by the proposed MI-MZI-based DPSK demodulator, 

followed by a photodetector. Finally, a BER analyzer was used to evaluate the quality of the 

received signal.  

According to the simulation design shown in Fig. 5.2.2, a simulation system was built 

which can be seen in Appendix A (Fig A.1). Note that all simulations were carried out using 

OptiSystem from Optiwave. Some parameters of the optical components used in the 

simulation are detailed in Table 5.2. 

Table 5.2 Parameters of optical components used in the simulation 

Name Parameters Value Unit 

Data stream (PRBS) 

Bit rate 40 Gbps 

Length 2
9
 – 1 bit 

Samples per bit 64  

CW laser 
Wavelength 1550 nm 

Linewidth 10 MHz 

MZM Extinction ratio 30 dB 

EDFA 
Noise figure 5 dB 

Gain 20 dB 

PIN diodes 

Responsibility 1 A/W 

Dark current 10 nA 

Thermal noise 1 x 10
-23

 W/Hz 

Optical filter (2
nd

 

Gaussian filter) 

Bandwidth 85 GHz 

Insertion loss 0 dB 

Low pass electrical filter 

(4
th

 Bessel filter) 
Cutoff frequency 0.75 x Bit rate GHz 

5.3 Simulation results and analysis 

Many simulations have been carried out to evaluate the performance of the proposed 

receivers, and the simulation results, which include back-to-back sensitivity, OSNR 

sensitivity and, tolerance to narrow optical filtering, PMD and CD, will be presented and 

discussed in this section.  

5.3.1 Back-to-back sensitivity 

 Minimum received optical power 

Receiver sensitivity is the most important parameter for evaluating the receiver performance. 

In order to evaluate the back-to-back sensitivity of our proposed DPSK receiver, simulation 

was made by varying the value of the attenuator, and the simulation result of received BER as 

a function of the received optical power is detailed in Fig. 5.3.1. The sensitivity of a 
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conventional DPSK receiver is also presented in Fig. 5.3.1 to compare it with the proposed 

DPSK receiver. Note that the BER is calculated using (3.3.7). 

 
Fig. 5.3.1. BER as a function of the received optical power. S: Single-branch detection; B: Balanced detection; 

Rx1: Receiver based on MI-MZI-1; Rx2: Receiver based on MI-MZI-2. 

The simulation results show that a back-to-back sensitivity (Single-branch detection) of ~ 

23.8 dBm at a BER of 10
-9

 (or ~ 22.4 dBm at a BER of 10
-15

) can be obtained using our 

proposed DPSK receiver, either based on the MI-MZI-1 or MI-MZI-2. The relatively open 

intensity eye shown in the inset demonstrates that the proposed receiver can provide error-

free operation. However, it should be noted that there is 1.3 ± 0.2 dB power penalty using our 

proposed receiver, compared with a DPSK receiver built with a conventional fiber-based MZI 

[Gnau 05]. This penalty is mainly caused by the imbalanced detection, since the output-SMF 

only provides one output port. This problem can be solved by splicing a dual-core fiber at the 

output of the MI-MZI device, thus, detecting the demodulated signals in the two cores. But it 

is at the expense of increasing the complexity of the receiver. Simulations using the proposed 

receiver with balanced detection were also carried out and the results are shown in Fig. 5.3.1. 

It can be seen that the sensitivity of the proposed receiver with balanced detection is almost 

the same as the conventional receiver. Only 0.1 – 0.2 dB power penalty is introduced. This 

extra penalty is caused by the MMF-induced unexpected effects, such as PMD, CD and 

nonlinearities.  

 Minimum required optical signal-to-noise ratio (OSNR) 

The minimum required OSNR is also an important parameter for the performance evaluation 

of a receiver. It can be calculated using (3.3.22): 

                
  

     
 

           
                 
            

         
(5.3.1) 

To obtain the OSNR sensitivity, simulations were carried out by adjusting the variable 
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attenuator to change the received OSNR, and the simulation results are shown in Fig. 5.3.2. It 

can be seen that the minimum required OSNR is 18.3 dB at a BER of 10
-9

, which is about 3-

dB worse than that of a conventional DPSK receiver. This penalty can be understood from the 

single-branch detection, which is presented in Section 5.2. If balanced detection is applied in 

our receiver, the 3-dB OSNR penalty can be eliminated, which can be seen from the empty 

square and triangle in Fig. 5.3.2. The simulation results also show that the required OSNR of 

our proposed receiver using balanced detection is even slightly lower than that of a 

conventional receiver. 

 
Fig. 5.3.2. BER as a function of the required OSNR. 

Through the comparison between Fig. 5.3.2 and Fig. 5.3.1, it is interesting to see that, ~ 3 

dB more OSNR is required whilst only ~ 1.5 dB more received optical power is required 

using our proposed receiver, compared with the conventional DPSK receiver. This is because 

the thermal noise takes the dominant role at the low power levels, and thus the receiver can 

be seen as working within the thermal-noise limit condition. The relationship between the 

received power and the required SNR can be written approximately as [Agra 10]: 

       
 

 (5.3.2) 

Therefore, it can be calculated that only 1.5-dB more received power is required when 3-

dB more SNR is required.  

In addition to receiver sensitivity, different receivers have different performances toward 

the system parameters, such as tolerance to narrowband optical filtering, PMD and CD. 

Therefore, it is significant to look into the receiver performance in these parameters. In the 

following subsections, receiver performance will be studied through signal impairments, and 

the simulation results will be presented and discussed by comparing to the conventional 

receiver.  

5.3.2 Narrowband optical filtering 

Reconfigurable optical add-drop multiplexers (ROADMs) and optical cross-connects (OXCs) 

nodes are widely used in optical networks for keeping signals within the optical domain for 
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as long as possible [Tibu 10]. These components usually contain many optical filters, such as 

multiplexers, demultiplexers, wavelength blockers and wavelength selective switches, which 

will reduce the effective bandwidth of the channel, resulting in the signal spectrum being 

clipped in the frequency domain and signal distortion in the time domain.  

 Theory 

Signal impairment induced by optical filters is due to their non-ideal transfer functions. The 

effective transfer function of cascaded filters is the product of every individual filter. 

Assuming that the transfer function of a filter is      , the effective transfer function of N 

filters cascaded can be expressed as： 

           

 

   

 (5.3.3) 

Therefore, it can be numerically calculated that the effective bandwidth of several filters 

cascaded is much narrower than that of an individual filter. Fig. 5.3.3 shows an example of 

how the effective transfer function narrows when several filters are cascaded. As can be seen, 

the effective bandwidth of 10 3
rd

-order Butterworth filters concatenated is much narrower 

than that of an individual one. Moreover, when the center frequencies of all the cascaded 

filters are not aligned perfectly, the effective bandwidth will be further narrowed. The filter-

induced signal impairment can be observed in Fig. 5.3.4. It can be seen that, although the 

signal at the transmitter is perfect, it is severely damaged after passing through 10 

Butterworth filters. In addition, it should be noted that different types of filter have different 

transfer functions, resulting in different effects toward the optical signal. More details on the 

signal impairment induced by different types of filter will be looked into in Chapter 7.  

 

Fig. 5.3.3. Effective transfer function of 10 cascaded 3rd-order Butterworth filters compared to that of an 

individual 3rd-order Butterworth filter. 
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(a) (b) 

  

(c) (d) 

Fig. 5.3.4. Signal impairment caused by filters: optical spectrum of a 40 Gbps DPSK signal (a) and the 

corresponding eye diagram (c); Signal spectrum after a passage of 10 85-GHz filters (b) and the corresponding 

eye diagram (d). 

 
Fig. 5.3.5. Simulation setup for testing the tolerance to narrow optical filtering. 

 Simulation 

The simulation setup is shown in Fig. 5.3.5, and the optical filters used in the simulation are 

3
rd

-order Butterworth filters with bandwidth of 45-GHz and 85-GHz, which is compliant 

respectively with the International Telecommunication Union (ITU) 50-GHz and 100-GHz 

grip [Tibu 10]. The simulation results are shown in Fig. 5.3.6.  

As can be seen, when the 45-GHz filters are used in the channel, only one filter is allowed 

with a 1-dB OSNR penalty. When more than two filters are cascaded in the channel, a very 

high OSNR is required. This is because the effective channel bandwidth is narrower than the 

signal bandwidth, and the signal spectrum is clipped severely, leading to serious intersymbol 

interference (ISI) in the time domain. Therefore, it can be seen that the standard 40 Gbps 

DPSK signal is not able to work on the 50-GHz ITU grid. Note, however, that the partial-
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DPSK [Mikk 06], where the delay between the two arms in the MZI is reduced from 1 bit to 

0.65, can work on the 50-GHz ITU grid. We do not discuss this case in our work.  

When 85-GHz filters are used in the channel, about 8 filters are allowed to be cascaded, 

with a 1-dB OSNR penalty. This is because the filter-induced ISI is mitigated. The simulation 

results demonstrates that 2.5 – 4 dB more OSNR is required using our proposed receiver, 

compared to the conventional one. This can be understood from the single-branch detection. 

As mentioned in Section 5.5.2, this problem can be solved by using balanced detection, but at 

the price of increasing the receiver complexity. Simulation results of our receiver using 

balanced detection are also detailed in Fig. 5.3.6. It can be seen that, with balanced detection, 

our receiver shows a similar performance to the conventional one. One thing necessary to 

point out here is that the required BER of 10
-4

 applied in our simulations can be improved to 

10
-15

, if a forward error correction (FEC) technique is used.  

 
(a) 

 
(b) 

Fig. 5.3.6. Required OSNR for a BER of 10-4 as a function of the number of filters, with filter bandwidth of 45-

GHz (a) and 85-GHz (b) 

5.3.3 Chromatic dispersion (CD) tolerance 

Chromatic dispersion existing in optical fibers and other optical components will lead to 

pulse broadening, resulting in an aggravated signal quality. Because our proposed DPSK 
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receiver is built with all fibers, which will introduce CD and PMD, it is much significant to 

test its performance on the system parameters of CD and PMD. In this section, the receiver 

performance in the CD tolerance will be studied.  

 Theory 

The main advantage of SMFs is that intermodal dispersion is absent. However, pulse 

broadening does not disappear altogether. The group velocity associated with the 

fundamental mode is frequency dependent because of CD. In other words, the CD in an 

optical medium is the phenomenon that the phase and group velocity of light propagating in a 

transparent medium depend on the optical frequency [Ghat 97]. A related quantitative 

measure is the group velocity dispersion (GVD). The attribute “chromatic” is used to 

distinguish this type of dispersion from other types, which are relevant particularly for optical 

fibers: intermodal dispersion and PMD.  

The frequency dependence of the group velocity leads to pulse broadening simply because 

of the different spectral components of the pulse disperse during propagation and do not 

arrive simultaneously at the fiber output. The main diagram of CD-induced pulse broadening 

can be seen in Fig. 5.3.7. 

 
Fig. 5.3.7. Principle diagram of CD.  

If    is the spectral width of the pulse, the extent of pulse broadening for a fiber with 

length L is determined by 

   
  

  
    

   

   
         (5.3.4) 

where   is the mode propagation constant. The parameter            is known as the 

GVD parameter. It determines how much an optical pulse would broaden in propagation 

inside the fiber. It is customary to use Δλ in place of Δω. Therefore, by using ω   π    and 

              , (5.3.4) can be written as: 

   
 

  
 
 

  
         

(5.3.5) 

with 

  
 

  
 
 

  
   

   

  
   (5.3.6) 

where    is the group velocity. D is called the dispersion parameter and is expressed in units 

of ps/(kmnm). When D < 0, it is called negative dispersion. The fiber with negative 
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dispersion can be used to compensate the standard SMF fiber-induced CD, and this type of 

fiber is called dispersion-compensating fiber (DCF). In order to compensate the SMF fiber-

induced CD, the condition [Agra 10] should be satisfied: 

                                     (5.3.7) 

where    is the wavelength of the nth channel and N is the number of channels within the 

WDM signal. In the case of a single channel, condition (5.3.7) can be simplified as: 

            (5.3.8) 

In this work, we only test the CD tolerance in a single channel. Simulations were carried 

out to test the receiver performance in both positive and negative dispersion. 

 Simulation 

The simulation setup is shown in Fig. 5.3.8. A tunable SMF and DCF are installed after the 

transmitter. By adjusting the length of these two types of fiber, the total CD can be 

determined. The parameters of the SMF and DCF used in the simulation are detailed in Table 

5.3. 

Simulation results of CD tolerance are shown in Fig. 5.3.9. As can be seen, with a 2-dB 

OSNR penalty, the CD tolerance is  80 ps/nm using our proposed receivers, which is similar 

to that obtained by a conventional receiver. When               , the required OSNR 

increases dramatically. This is because the CD-induced pulse broadening severely affects 

neighboring pulses, leading to the ISI increasing sharply. Just like the optical filtering, 2.5 – 4 

dB more OSNR is required using our proposed receivers compared to the conventional one, 

due to the single-branch detection. Simulation results obtained using balanced detection show 

that the two proposed receivers have comparable OSNR requirements as the conventional one. 

It should be noted, of course, that this improvement in performance is at the price of receiver 

complexity.  

 
Fig. 5.3.8. Simulation Setup for testing the CD tolerance. 

Table 5.3 Parameters of SMF and DCF 

Name Parameter Value Unit 

SMF 

DGD 0.02 ps/km 

Chromatic dispersion 16 ps/nmkm 

Dispersion slope 0.075 ps/nm
2
km 

Attenuation 0.2 dB/km 

DCF 

DGD 0.05 ps/km 

Chromatic dispersion -48 ps/nmkm 

Dispersion slope -0.15 ps/nm
2
km 

Attenuation 0.26 dB/km 
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Fig. 5.3.9. Required OSNR for a BER of 10

-4
 as a function of the accumulated CD.  

5.3.4 Polarization mode dispersion (PMD) tolerance 

Polarization mode dispersion (PMD) can have adverse effects on data transmission in fiber-

optic links over long distances at very high data rates, because portions of the transmitted 

signals in different polarization modes will arrive at slightly different times. This can cause 

some levels of pulse broadening, leading to ISI, and thus a degradation of the received signal. 

PMD has been studied extensively because it limits the performance of modern lightwave 

systems, especially high-symbol rate systems [Wai 96, Huttner 00]. In this section, PMD 

tolerance is studied using our proposed receiver and it is compared with the conventional 

receiver.  

 
Fig. 5.3.10. Principle diagram of PMD-induced pulse broadening. 

 Theory 

PMD is a form of modal dispersion in which two different polarizations of light in an optical 

component, which normally travel at the same group velocity, travel at different group 

velocities due to random imperfections and asymmetries, causing the random broadening of 

optical pulses. The principle of PMD caused by a fiber can be seen in Fig. 5.3.10. PMD can 

usually be divided into two types: first-order PMD and higher-order PMD. In the former, the 

differential group delay (DGD) between the two different polarization modes will not change 
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with respect to the operated wavelength. On the other hand, the DGD depends on the 

wavelength in the latter. The first-order PMD is also called DGD. In this work, only the first-

order PMD is considered. 

In fibers with a constant birefringence, such as a polarization-maintaining fiber (PMF), 

pulse broadening can be estimated from the time delay ΔT between the two polarization 

components during propagation of the pulse. For a PMF with length L, ΔT is written as: 

    
 

   
 

 

   
                 (5.3.9) 

where the subscripts x and y represent the two orthogonally polarized modes, and    is 

related to the difference in group velocities along the two principal states of polarization. 

However, it should be noted that the situation is somewhat different for conventional fibers in 

which birefringence varies along the fiber in a random fashion. More details on PMD-

induced pulse broadening in a conventional fiber can be found in Poole et al. [Pool 97]. 

The principal states of polarization provide a convenient basis for calculating the moments 

of ΔT. The PMD-induced pulse broadening is characterized by the root-mean-square (RMS) 

value of ΔT, obtained after averaging the random birefringence changes. The RMS value can 

be approximated as: 

        (5.3.10) 

Where    is the PMD parameter. Measured values of    vary from fiber to fiber in the range 

of 0.01 to 10 ps/km
1/2

. Nowadays, modern fibers are designed to have a low PMD, and 

typically    < 0.1 ps/km
1/2 

for them. In addition, it should be noted that instantaneous values 

of DGD fluctuates with time over a wide range because of temperature and other 

environment factors [Karl 00]. If DGD becomes so large that it exceeds the bit slot, a 

lightwave system stops functioning properly. 

 Simulation 

The simulation setup is shown in Fig. 5.3.11. A tunable PMF was used as the DGD element 

and a different DGD can be obtained by changing the PMF length. A polarization controller 

(PC), placed in front of the PMF was used to launch at 45° to the principle state of 

polarization axes of the PMF, leading to the worst-case conditions. The parameters of the 

PMF used in the simulation are detailed in Table 5.4. Simulations were made using our two 

proposed receivers and simulation results are shown in Fig. 5.3.12. 

 

Fig. 5.3.11. Simulation setup for testing the DGD tolerance. 
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Table 5.4 Parameters of the PMF 

Name Parameter Value Unit 

PMF 

DGD 0.2 ps/km 

Chromatic dispersion 0 ps/nmkm 

Dispersion slope 0 ps/nm
2
km 

Attenuation 0 dB/km 

As can be seen, with 1-dB OSNR penalty, the DGD tolerance is ~ 9 dB using our proposed 

receivers. This value is in agreement with the theory [Winz 06]: a 1-dB OSNR penalty occurs 

at a DGD of between 30% and 40% of the symbol duration. The required OSNR increases 

quickly when the DGD is higher than 9 ps, Moreover, due to single-branch detection, 3 – 4 

dB more OSNR is required to use our proposed receivers compared to the conventional 

DPSK receiver. However, this OSNR penalty can be solved by using balanced detection in 

the proposed receivers.  

In addition, it should be noted that the existence of a higher-order PMD in optical fibers 

will further reduce the receiver tolerance to PMD. Furthermore, PMD tolerance not only 

depends on the types of optical signals and receivers, but also depends on other system 

parameters, such as optical filtering and CD. 

 
Fig. 5.3.12. Required OSNR for a BER of 10

-4
 as a function of the accumulated DGD. 

5.4 Conclusions 

In this chapter, it is demonstrated, through theory and simulation, that our proposed all-fiber 

MI-MZIs can be used for DPSK signal demodulation. Theoretical analysis shows that the 

output of our proposed DPSK receivers can be expressed similar to one of the two outputs in 

a conventional DPSK receiver.   

Simulation results demonstrated that receiver sensitivities of ~ 23.8 dBm at a BER of 10
-9

 

(or ~ 22.4 dBm at a BER of 10
-15

) can be obtained using our proposed DPSK receivers, 

which have 1.3 ± 0.2 dB power penalties compared to the conventional receiver. An OSNR 

sensitivity test shows that ~ 3-dB more OSNR is required using our proposed receivers. This 

penalty is mainly caused by single-branch detection. Moreover, the MMF-induced 
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unexpected effects such as CD and PMD, will also degrade the receiver sensitivity.  

Receiver performances under signal impairments are also looked into in this chapter, 

which include narrow optical filtering, CD tolerance and PMD tolerance. Simulation results 

stated that 2.5 – 4 dB more OSNR is required to use our proposed receivers. If balanced 

detection was used, our receivers can provide a performance comparable to a conventional 

receiver.  

In comparison with the conventional DPSK receiver, our proposed receivers have the 

advantages of (a) simple design and ease of manufacture because fewer optical components 

are used; (b) polarization sensitivity is reduced since interference takes place between two 

beating modes; (c) The total cost is potentially reduced because all optical components used 

are low-cost, commercial components. The main drawback of our proposed receivers is ~ 3-

dB more OSNR is required, since single-branch detection is used in the receivers. This 

drawback can be solved by splicing a dual-core fiber at the output to construct a balanced 

detection receiver. However, this design is at the expense of increasing receiver complexity. 

Another drawback is that the MMF-induced unexpected effects will degrade the demodulated 

signals.   
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Chapter 6 

 

 

6 DESIGN OF ALTERNATIVE RECEIVER STRUCTURES FOR 

DQPSK AND PM-DQPSK SIGNAL DEMODULATION 

 

 

 

 

6.1 Introduction 

Differential quadrature phase shift keying (DQPSK) signal, in which a DPSK data stream in 

quadrature is superimposed onto the horizontal DPSK signal, can improve the SE by a factor 

of two compared to a DPSK signal. Since information is encoded in four phase states {π/4, 

3π/4, -π/4, -3π/4}, DQPSK is actually a real multilevel signal. Moreover, because of the 

reduced symbol rate, DQPSK is more tolerant to dispersion effects than DPSK for a given bit 

rate. DQPSK was proposed after 2005 to increase further the CD and PMD tolerance of 40 

Gbps channels [Char 05], and is used in optical communications systems today.  

Polarization multiplexing differential quadrature phase shift keying (PM-DQPSK) is the 

combination of polarization multiplexing and DQPSK. Compared to DQPSK, the SE of the 

optical networks can be improved by a factor of two. In recent years, PM-DQPSK has been 

studied and proposed for 100 Gbps-based optical networks, because of the compatibility with 

50-GHz ITU grid and 50 GHz-based ROADMs.  

Like the DPSK format, direct detection can also be used in both DQPSK and PM-DQPSK 

receivers, since these both signals are actually an extension of a DPSK signal. However, the 

required number of MZIs for DQPSK and PM-DQPSK signal demodulation is, respectively, 

2 and 4 times as that required by a DPSK signal. This will increase receiver instability, 

because the fiber MZI is easily affected by the environment, such as temperature. In order to 

improve receiver performance and reduce the receiver complexity, many novel direct-

detection schemes have been proposed in the past few years, including a tunable DQPSK 

receiver [Chri 08], a frequency discriminator-based DQPSK demodulator [Lyub 09], a star 

coupler-based DQPSK receiver [Doer 06], a electronic-polarization-demultiplexing PM-

DQPSK receiver [Chan 08] and a self-coherent PM-DQPSK receiver [Li 12]. In this chapter, 
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we will propose two alternative schemes for DQPSK and PM-DQPSK signal demodulation.  

In Section 6.2, the proposed DQPSK demodulation scheme, which is based on a 

polarization-maintaining fiber (PMF), is presented via working principle and simulation. 

Simulation results will be presented and discussed in comparison with the conventional 

receiver.  

In Section 6.3, the proposed PM-DQPSK receiver, which is based on a delay line and a 

polarization rotator, will be presented, including operating principles and simulation. 

Receiver performance will be evaluated based on the simulation results. 

Finally, the conclusions will be given in Section 6.4. 

6.2 Design of a novel DQPSK demodulation structure based on a PMF 

6.2.1 Working principle 

Although the principle of the conventional DQPSK receiver is simple, its performance is not 

very stable, due to the use of two conventional fiber MZIs in the receiver. Moreover, because 

many optical components are used in the receiver, the implementation difficulty will be 

increased. 

 
Fig. 6.2.1. Principle diagram of the proposed PMF-based DQPSK receiver 

In order to solve the problems associated with the conventional DQPSK receiver, we 

propose an alternative DQPSK demodulation scheme which is based on a PMF in the section, 

as shown in Fig. 6.2.1. Compared with the conventional receiver, our proposed scheme has 

advantages as follows: (a) the receiver structure is simpler and the receiver performance is 

potentially improved, since both I- and Q-paths share the same hardware; (b) it is easier to 

implement because fewer optical components are used; (c) the total cost can be potentially 

reduced because only low-cost, commercial components are used in our scheme. 
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In our scheme, a PMF is used to convert a DQPSK signal into a PolSK signal [Ciar 04]. 

Then, the PolSK signal is converted into two intensity modulation (IM) signals by a PBS. 

Finally, two balanced photodetectors are used to detect the converted IM signals. The role of 

the linear polarizer is to launch the signal at 45º with respect to the slow (or fast) axis of the 

PMF. Taking the former considerations into account, a DQPSK signal can be written as: 

                   
    (6.2.1) 

where the signal is broken down into two orthogonal components,      and     . Here, we 

assume that      is parallel to the fast axis, while      is parallel to the slow axis of the PMF. 

These two orthogonally polarized components propagate with different group and phase 

velocities in the PMF such that they are delayed with respect to each other depending on the 

PMF length. The signal at the PMF output can be expressed as (6.2.2), including a relative 

group delay ΔT and a fiber-induced optical phase difference θ between the two orthogonal 

components. 

            
        

  
 
  

  
       

        
  
 
  

  
  (6.2.2) 

where Ta is the average propagation time. Followed by the PMF is a commercial PC, which is 

used for compensating the PMF-induced phase difference θ. Then, the signal is equally power 

split and sent to I and Q differential detection paths. In the I-path, a + 45° phase difference is 

generated between the two orthogonal components by a PC. In the Q-path, the phase 

difference is instead - 45°. Finally, these two resulting elliptically polarized signals each 

passes through a PBS for being converted into two IM signals and two balanced 

photodetectors are used to detect the demodulated signals. The operation of the receiver can 

be described by the Jones matrix [Chri 08]: 
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(6.2.3) 
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(6.2.4) 

In this scheme, the DGD generated in the PMF is a one-symbol period, ΔT = T. Assuming 

that each signal launched into the PBS is linearly polarized at 45°, the output of the I- and Q-

paths can be written as 
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                   (6.2.5) 

   
  

 
     

                   
(6.2.6) 

where Δφ is the phase difference between the adjacent symbols,          . As a DQPSK 

signal, the phase difference between the adjacent symbols can be one of the four possible 

states, {45°, 135°, 225°, 315°}, according to the inset of constellation diagram shown in Fig. 

6.2.1. These two equations are the same as (3.2.7) and (3.2.8) derived from a conventional 

DQPSK receiver. 

It should be noted that the polarization state of the incoming signal changes randomly with 

the time under real conditions. Therefore, in order to keep the input signal launching at 45º 

with respect to the slow (or fast) axis of the PMF, a polarization tracking scheme should be 

used in the receiver. In fact, this problem can be solved by using a commercial polarization 

stabilizer to take the place of the linear polarizer.  

6.2.2 Simulation setup 

A general block diagram of back-to-back simulation system is shown in Fig. 6.2.2. A variable 

optical attenuator (VOA) is used in front of the erbium-doped fiber amplifier (EDFA) for 

adjusting the received OSNR. A low pass filter (LPF) is used to filter out the noise and a 3R 

regenerator is used to regenerate the received signal. Finally, a BER analyzer is used to 

analyze the received signal. The parameters of some components used in the simulation are 

detailed in Table 6.1. 

 

Fig. 6.2.2. Design of a back-to-back simulation system. VOA: variable optical attenuator; EDFA: erbium-

doped fiber amplifier; LPF: low pass filter. 

According to the block diagram shown in Fig. 6.2.2, a back-to-back DQPSK simulation 

system was built. The corresponding details of the transmitter and receiver are shown in Fig. 

6.2.3 and the simulation design in the OptiSystem can be seen in Appendix A (Fig A.2). 

In the transmitter, an 1552.52 nm (193.1 THz) continuous wave (CW) source was 

modulated by double-nested LiNbO3 Mach-Zehnder modulators (MZMs), driven by two 20 

Gbps NRZ data streams I and Q, which are pseudo random bit sequences (PRBS) of length 

2
9
-1, to generate a 40 Gbps NRZ-DQPSK signal.  
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The signal was then launched into an EDFA with a VOA in front of it to adjust the 

received OSNR. In the receiver, the noise-loaded signal was first filtered out by a second-

order Gaussian optical filter with a 3-dB bandwidth of 62.5GHz (the optical filter is not 

shown in Fig. 6.2.3). Then, the filtered-signal was launched into the demodulation section.  

The demodulation process of our proposed scheme is described in Section 6.2.1. Here one 

thing that needs to be pointed out is that the PMF-induced phase difference θ was 45º in the 

simulation. Therefore, the phase compensator, PC1, was set to -45º. The PMF used in the 

simulation is based on the model of a Panda-style MP 1550-HP from THORLABS, and the 

parameters are detailed in Table 6.2. In the simulation, the attenuation is set to 1 dB/km, and 

the beat length is 5mm, corresponding to DGD = 1033 ps/km. It can be calculated that the 

length of the PMF required for generating a 50-ps delay between the two orthogonal 

polarization components is ~ 48.4 m. Actually, this required length is a little long and the 

fiber-induced CD and nonlinearities may affect the signal quality. Moreover, the longer the 

PMF, the more sensitive to the environment is the receiver. The length of the PMF can be 

theoretically shortened by reducing the beat length of the PMF.  

Table 6.1. Parameters of optical components used in the simulation 

Name Parameters Value Unit 

Data stream (PRBS) 

Bit rate 
40 (DQPSK) 

Gbps 
100 (PM-DQPSK) 

Length 2
9
 – 1 bit 

Samples per bit 64  

CW laser 
Frequency 193.1 THz 

Linewidth 10 MHz 

MZM Extinction ratio 30 dB 

EDFA 
Noise figure 5 dB 

Gain 20 dB 

PIN diodes 

Responsibility 1 A/W 

Dark current 10 nA 

Thermal noise 1 x 10
-23

 W/Hz 

Optical filter (2
nd

 

Gaussian filter) 

Bandwidth 85 GHz 

Insertion loss 0 dB 

LPF (4
th

 Bessel filter)  Cutoff frequency 0.75 x Bit rate GHz 

Table 6.2 Parameters of the PMF 

Parameter Value Unit 

Numerical Aperture (NA) 0.13 / 

Operating Wavelength 1440 – 1625 nm 

Attenuation <1 @ 1550 nm dB/km 

Second Mode Cut-off 1370 ± 70 nm 

Mode Field Diameter (1/e
2
 

fit – near field) 
10.5 ± 0.8 @ 1550 nm μm 

Beat Length ≤5 @ 1550 nm mm 

Normalized Cross Talk ≤-30 @ 100m dB 
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(a) 

 
(b) 

Fig. 6.2.3. Details of a conventional DQPSK transmitter (a) and the PMF-based DQPSK receiver (b). CW: 

continuous wave; BSG: bit sequence generator; PG: pattern generator; MZM: Mach-Zehnder modulator; PMF: 

polarization-maintaining fiber; PC: polarization controller; PBS: polarization beam splitter.   

6.2.3 Performance evaluation of the proposed receiver 

Many simulations have been carried out to evaluate the performance of the proposed DQPSK 

receiver, and the simulation results presented and discussed are as follows. 

 Back-to-back sensitivity 

Sensitivity is the most important parameter for evaluating the performance of a receiver. The 

theory of receiver sensitivity can be read in Chapter 3. Fig. 6.2.4 shows the sensitivity of our 

proposed PMF-based receiver in back-to-back operation, compared to a conventional 

DQPSK receiver built with two DIs [Winz 06].  

 
Fig. 6.2.4. Sensitivity of our proposed PMF-based DQPSK receiver compared to the conventional receiver. 
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As can be seen, a back-to-back sensitivity of ~ 24.5 dBm at a BER of 10
-9

 (or ~ -23.3 dBm 

at a BER of 10
-15

) can be obtained by using our proposed PMF-based DQPSK receiver. 

Compared with the conventional receiver, there is a ~ 0.5 dB sensitivity penalty using our 

proposed receiver. This can be understood from the PMF-induced signal impairment, which 

will aggravate the optical signal quality. However, this penalty can be ignored since it is very 

small. The relatively open intensity eye shown in the inset demonstrates that our proposed 

PMF-based DQPSK receiver can provide error-free operation.   

 
Fig. 6.2.5. Required OSNR for a BER of 10

-4
 as a function of the number of the cascaded filters. 

 Narrowband optical filtering 

Optical filters are widely used in optical networks, and they severely affect the signal quality. 

The theory of signal distortion caused by optical filter can be seen in Section 5.5.2 and 

Chapter 7. In this subsection, receiver performance is tested under narrowband optical 

filtering. The optical filter model used in the simulation is the 3
rd

-order Butterworth filter, as 

most of the optical filters used in optical networks can be modeled as a 3
rd

-order Butterworth 

filter.  

The simulation results are shown in Fig. 6.2.5. As can be seen, without using optical filters 

in the system, ~ 1-dB more OSNR is required using our proposed receiver compared to the 

conventional receiver. However, if the system contains several optical filters, our proposed 

receiver shows a performance comparable to the conventional receiver. With 1-dB OSNR, 

about 10 filters can be cascaded in the DQPSK system by using our proposed receiver, which 

is even slightly better than the conventional receiver. The simulation results also show that, 

although the effective bandwidth of 20 cascaded filters (~ 26 GHz) is wider than the signal 

bandwidth (~ 20 GHz), much more OSNR is required. This can be understood through the 

filter concatenation effect. Not only the effective bandwidth will be reduced with the number 

of cascaded filters, but also will the linear phase region. The reduction in the linear phase 

region also induces impairment to the optical signal.  

 Chromatic dispersion tolerance 

The chromatic dispersion (CD) existing in optical fibers and other optical components can 
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seriously impact the signal quality. The theory of signal distortion caused by CD can be found 

in Section 5.5.4. In this subsection, simulations were carried out to test the performance of 

our proposed PMF-based DQPSK receiver under the CD-induced signal impairment.  

In the simulation, a standard SMF was used together with a DCF to adjust the total 

accumulated CD value. The parameters of these two types of fiber can be seen in Table 5.3. 

In order to ignore the penalty caused by other linear effects, we set the attenuation and DGD 

of the fibers to 0. The input transmission power was controlled to be lower than - 4d Bm to 

reduce the penalty caused by nonlinear effects.  

The simulation results are shown in Fig. 6.2.6 in terms of the required OSNR to achieve a 

BER of 10
-4

 as a function of the CD accumulation. As can be seen, when the signal 

experiences low CD, ~ 1-dB more OSNR is required using the PMF-based receiver compared 

to the conventional receiver. However, the PMF-based receiver shows a performance 

comparable to the conventional receiver when the signal experiences high CD. With a 2-dB 

OSNR penalty, the CD tolerance is about  160 ps/nm using the PMF-based DQPSK receiver. 

Additionally, the simulation results show that the required OSNR increases dramatically 

when the CD is higher than 160 ps/nm. That is because the CD-induced pulse broadening 

severely affects the adjacent pulses, resulting in severe ISI. The CD-induced signal 

impairment can be observed from the eye diagram in the inset. 

 
Fig. 6.2.6. Required OSNR for a BER of 10-4 as a function of CD accumulation. The inset shows the eye 

diagram at a positive dispersion of 200 ps/nm. 

 
Fig. 6.2.7. Required OSNR for a BER of 10

-4
 as a function of the DGD accumulation. 



6.2 Design of a novel DQPSK demodulation structure based on a PMF 

103 
 

 Polarization mode dispersion tolerance 

The polarization mode dispersion (PMD) is a key issue for high-speed systems. It is well 

known that as the baud rate increases, the tolerance to PMD reduces proportionately [Pinc 11]. 

The theory of signal distortion caused by PMD can be found in Section 5.5.3. In this 

subsection, receiver performance will be tested under the first-order PMD. Another PMF was 

used as the DGD element in the simulation, and different values of DGD can be obtained by 

changing the PMF length. In order to work with the worst case, a PC was used to launch the 

signal at 45º with respect to the slow (or fast) axis of the tested PMF. 

The simulation results are shown in Fig. 6.2.7. As can be seen, with a 1-dB OSNR penalty, 

DGD tolerance is about 15 ps by using our proposed PMF-based DQPSK receiver, which is 

comparable to the conventional receiver. This result agrees with the theory [Winz 06]: a 1-dB 

OSNR penalty occurs at a DGD at between 30 and 40% of the symbol duration. The required 

OSNR increases dramatically, when the DGD is higher than 16 ps. This is because the DGD-

induced ISI increases greatly, leading to a severely aggravated signal quality. The DGD-

induced signal distortion can be seen in the inset in Fig. 6.2.7.  

 Receiver performance under non-ideal behavior of the receiver components 

- Non-ideal phase compensation 

In our proposed PMF-based DQPSK receiver, the PMF-induced phase shift between the two 

orthogonal components is compensated by a commercial PC. However, it is very hard to 

compensate accurately under practical conditions. Thus, in this subsection, we will test the 

OSNR penalty brought about by the non-ideal phase compensation.  

 
Fig. 6.2.8. OSNR penalty for a BER of 10

-4
 as a function of the non-ideal compensating phase shift. 

To fulfill this test, another PC was inserted between the PMF and the compensating PC 

(PC1 in Fig. 6.2.3 to introduce another phase shift. A series of simulations were carried out by 

varying the phase shift from -8° to 8°, and the simulation results are shown in Fig. 6.2.8. As 

can be seen, the OSNR penalty is less than 0.2 dB when the introduced phase shift is less than 

2°. With a 1-dB OSNR penalty, the permitted phase shift is ± 4°. However, the required 
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OSNR increases dramatically when the introduced phase shift is larger than ± 4°. The signal 

distortion-caused, non-ideal phase compensation can be observed in the inset in Fig. 6.2.8. 

- Inaccurate PMF-induced time delay 

Under ideal conditions, the required time delay for demodulating a 40 Gbps DQPSK signal is 

50 ps. However, it is very difficult to accurately measure the PMF-induced DGD of 50 ps, 

since the DGD will be affected by the environment in practice. Therefore, it is necessary to 

test the performance of our proposed PMF-based receiver using the non-ideal DGD value.  

In the simulation, this test was carried out by extending or shortening the ideal length of 

the PMF. The simulation results are shown in Fig. 6.2.9. As can be seen, tolerance of -8 to 5 

ps is allowed, with a 1-dB OSNR penalty. The simulation results also show that our proposed 

receiver is more tolerant to insufficient DGD than redundant DGD. Moreover, we can see that 

the best performance of the receiver does not correspond to the ideal delay of 50 ps. It can be 

understood that the optimal delay depends on the system parameters, such as residual 

chromatic dispersion and the optical filtering bandwidth of the system.  

 

Fig. 6.2.9. OSNR penalty for a BER of 10
-4

 as a function of non-ideal delay time induced by the PMF. 

In addition to non-ideal phase compensation and inaccurate PMF-induced time delay, the 

polarization state of the incoming signal will also influence the receiver performance, 

because it requires the incoming signal to be launched at 45°with respect to the fast (or slow) 

axis of the PMF. However, the polarization state of the signal changes randomly with time in 

real systems. In order to stabilize the polarization state of the incoming signal, a polarization 

control scheme is required, which will increase the receiver complexity.  

6.2.4 Discussion results 

Lots of simulations with a speed of 40 Gbps have been carried out in this section, and the 

simulation results demonstrate that our proposed PMF-based DQPSK receiver can provide a 

performance comparable to the conventional receiver. Receiver sensitivity of ~ 24.5 dBm at a 

BER of 10
-9

 is obtained using the proposed receiver, which only has a ~ 0.5 dB penalty 

compared with the conventional receiver. By testing the narrowband optical filtering, it shows 

that 10 optical filters can be concatenated, with a 1-dB OSNR penalty. CD tolerance with a 2-
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dB OSNR penalty and PMD tolerance with a 1-dB OSNR penalty are, respectively,  160 

ps/nm and 15 ps using our receiver. In addition, receiver performances under non-ideal 

behaviors of receiver components are also evaluated, and the results indicate that deviation in 

the compensating phase of ± 4° and inaccurate time delay of -8 – 5 ps can be tolerated with a 

1-dB OSNR. 

6.3 Design of a novel PM-DQPSK demodulation structure  

6.3.1 Working principle 

In our proposed scheme for DQPSK signal demodulation presented in Section 6.2, a key 

component is the birefringent element, which converts a PSK signal into a PolSK signal. 

Because a PM-DQPSK signal is made up of two orthogonal DQPSK signals, the method used 

for demodulating a DQPSK signal in our proposed DQPSK receiver can also be used for PM-

DQPSK signal demodulation. However, in order to avoid interference taking place between 

both converted PolSK signals, a polarization rotator and a fiber delay line are used instead of 

the birefringent element. The principle diagram of our proposed PM-DQPSK demodulation 

scheme is shown in Fig. 6.3.1. 

 
Fig. 6.3.1. Schematic diagram of the proposed receiver (DL: delay line; PR: polarization rotator; PBS: 

polarization beam splitter; PC: polarization controller) 

Generally, a PM-DQPSK signal can be written as: 

                   
    (6.3.1) 

where      and      represent the x- and y-polarization components. It can be seen that this 
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expression is the same as (6.2.1) used for the description of a DQPSK signal. However, it 

should be noted here that the two orthogonal components in (6.3.1) stand for two 

independent DQPSK signals, whilst (6.2.1) only means that a vector signal can be broken 

down into two orthogonal components.  

The working principle of our proposed PM-DQPSK demodulation scheme can be 

described as follows: a PM-DQPSK signal is first split into two beams by a 50:50 power 

splitter. The beam b2 is directly connected to a polarization beam splitter (PBS2) and it is 

divided into two orthogonal polarization sub-beams (here, we assume that the polarization 

direction of sub-beam b21 is parallel to the horizontal line and the polarization direction of the 

other sub-beam b22 is vertical to the horizontal line). The other beam, b1, firstly goes through 

a fiber delay line to generate a one symbol time delay. After that, it passes through a 

polarization rotator to generate an angle rotation of 90°. Then, it goes through the PBS1 to be 

divided into two orthogonal polarization sub-beams, b11 and b12. The sub-beams b11 and b22 

are connected to the input ports of a 2 х 2 optical coupler (Coupler2) while the sub-beams b12 

and b21 are connected to Coupler1. Each output signal of the couplers goes, through a PC and 

a PBS to a balanced photodetector. The role of the PC is to generate +45°or -45°phase 

difference between the two orthogonal sub-beams.  

According to the Jones matrix, the operation of the receiver can be expressed as follows: 

 Outputs of the PBS1, 

 
    
    

 
   
      

             

 
 

 
 
   
   

 
         

       
            

 
            

             
 

             
             

       

  
     
      

 
           

          

 
  
  
 

 
     
     

 
(6.3.2) 

 Outputs of the PBS2, 

 
    
    

 
   
      

             

 
 

 
 
   
   

 
         

       
           

 
  
  
 

 
     
     

 
(6.3.3) 

 Outputs of the two couplers, 

 

   
   
   
   

 

   
                  
                  

       

 

 
 
 
 
 
 

  

 
  

  

 

  
  

 

  

 

  
  

  
  

  

 
  

  

 

  
  

 

  

  

 
 
 
 
 
 

                       
          

 

    
    
    
    

 

     
              

 
(6.3.4) 

where θ is the rotation angle of the rotator. In our design, θ is set to 90°. ΔT is the delay time 

induced by the delay line. Under ideal conditions, ΔT is equal to a one-symbol duration, ΔT = 

Ts. 
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By combining the matrices of the PCs and PBSs, it can be calculated that the four final 

outputs after the balanced detectors can be expressed as: 

             
  

 
        

                    (6.3.5) 

             
  

 
        

                    
(6.3.6) 

where        represents electrical field in the x- or y-polarization component of a PM-DQPSK 

signal.         is the phase difference between successive symbols. As the signals 

loaded in both polarization states are DQPSK signals, the phase difference between the 

adjacent symbols can be one of the four possible states {π/4, 3π/4, -π/4, -3π/4}. As can be 

seen, these two equations are the same as (3.2.7) and (3.2.8)  derived from a conventional 

PM-DQPSK receiver. 

In comparison with the conventional PM-DQPSK receiver, our proposed receiver has the 

following advantages: a) the receiver structure is simplified since both the  x- and y-

components share the same delay line; b) fewer components are used, which can make the 

receiver easy to implement; c) the total cost is potentially reduced; d) because only one delay 

line is used, the proposed receiver can be easily improved to a bit-rate tunable receiver by 

using a tunable delay line, such as a commercial motorized variable optical delay line from 

Newport, to take the place of the fixed delay line. Note, however, that our proposed receiver 

is more sensitive to the polarization state of the signal as many polarization elements are used. 

In addition, like the conventional receiver, a polarization tracking scheme should be used in 

the receiver to keep the input signal launching at 45°.  

6.3.2 Simulation setup 

According to the block diagram shown in Fig. 6.2.2, a back-to-back PM-DQPSK simulation 

system was built. The details of the transmitter and receiver are shown in Fig. 6.3.2.  

In the transmitter, as shown in Fig. 6.3.2 (a), a 1552.52 nm (193.1 THz) continuous wave 

(CW) source firstly passed through a PC to generate a 45º linear polarization light. Then, it 

was divided into two orthogonal polarization beams by a PBS. Each beam was modulated by 

a double nested LiNbO3 MZMs, driven by two 25 Gbps non-return to zero (NRZ) data 

streams I and Q, which are PRBS of length 2
9
-1, to generate a 50 Gbps NRZ-DQPSK signal. 

Finally the two orthogonal DQPSK signals were combined through a polarization beam 

combiner (PBC), generating a 100 Gbps PM-DQPSK signal.  

The signal was then launched into an EDFA with a VOA in front of it to adjust the 

received OSNR. In the receiver, the noise-loaded signal was first filtered out by a 2
nd

-order 

Gaussian filter with a 3-dB bandwidth of 85GHz (the filter is not shown in the Fig. 6.3.2). 

Then the filtered-signal was launched into the demodulation section.  

The demodulation process is described in detail in Section 6.3.1. Here it should be noted 

that the delay line was set to 40 ps, corresponding to one-symbol period. Finally, four BER 

analyzers were used to analyze the received electrical signals. 
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In order to compare the performance of our proposed receiver with the conventional PM-

DQPSK receiver, we also built a conventional receiver to demodulate PM-DQPSK signals. 

The details of transmitter and receivers built in the OptiSystem can be seen in Appendix A 

(Fig A.3). 

 

 
(a) 

 
(b) 

Fig. 6.3.2. Details of a conventional PM-DQPSK transmitter (a) and the proposed PM-DQPSK receiver (b). 

DL: delay line; PR: polarization rotator;  

6.3.3 Performance evaluation of the proposed receiver 

Many simulations have been carried out to evaluate the performance of the proposed PM-

DQPSK receiver, and the simulation results are presented and discussed in the following. 
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 Back-to-back sensitivity 

A simulation was carried out to test the receiver sensitivity, and the simulation result of the 

BER as a function of the minimum received optical power is shown in Fig. 6.3.3,.  

As can be seen, the sensitivity of our proposed receiver is ~ 24.4 dBm at a BER of 10
-9

 (or 

~ 23 dBm at a BER of 10
-15

). The inset of eye diagram displays a large vertical eye opening at 

a BER of 10
-15

, which means that our proposed receiver can provide error-free operation. In 

comparison with the conventional PM-DQPSK receiver built with four DIs [Lach 11], our 

proposed receiver even shows a slightly better sensitivity. This may be understood that the 

polarization elements used in our receiver can filter out some noise which is orthogonally 

polarized with respect to the polarization direction of the elements.  

 

Fig. 6.3.3. Back-to-back sensitivity of our proposed PM-DQPSK receiver by comparing to that of the 

conventional receiver. Insets show eye diagrams at a BER of 10
-15

. 

 Narrowband optical filtering 

The PM-DQPSK modulation format is a bandwidth-efficient format. It must be compliant 

with the 50 GHz ITU grid and the 50 GHz-based ROADM [Lach 11]. In this section, receiver 

performance under narrowband optical filtering is tested. The theory of signal distortion 

brought about by optical filter can be seen in Section 5.5.2 and Chapter 7. Note that the 

optical filters used in this simulation are the 3
rd

-order Butterworth filter model with 

bandwidth of 45 GHz.  

Fig. 6.3.4 shows the required OSNR for a BER of 10-4 as a function of the number of 

cascaded optical filters. As can be seen, about 10 filters can be cascaded in the system, with 

1-dB OSNR penalty. However, the required OSNR increases sharply when the number of 

cascaded filters is more than 10. That is because the effective bandwidth becomes very 

narrow and the signal spectrum is strongly clipped, resulting in the ISI increasing greatly. The 

ISI-induced eye close can be seen in the inset. Although the effective bandwidth of 14 

cascaded filters (~ 30 GHz) is wider than the signal bandwidth (~ 25 GHz), a much higher 

OSNR is required. This can be understood from the filter concatenation effect [Down 03]. 
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Fig. 6.3.4. Required OSNR as a function of the number of the cascaded filters. The insets show eye diagrams 

after a passage of 10 concatenated filters. 

 Chromatic dispersion tolerance 

The theory of signal distortion caused by chromatic dispersion (CD) can be read in Section 

5.5.4, and the method for testing the receiver performance under CD can be seen in Section 

6.2.3. In this subsection, simulations were carried out to evaluate the performance of our 

proposed PM-DQPSK receiver under CD-induced signal impairment.  

The simulation results are shown in Fig. 6.3.5 in terms of the required OSNR to achieve a 

BER of 10
-4

 as a function of the CD accumulation. It is interesting to find that our proposed 

receiver shows a slightly better CD tolerance compared to the conventional receiver, 

especially for the negative dispersion. With 2-dB OSNR penalty, the tolerance to negative CD 

is -70 ps/nm by using our proposed receiver, while it is only about -60 ps/nm by using the 

conventional receiver. In addition, it also shows that the required OSNR increases 

dramatically when the CD is higher than 60 ps/nm. This can be understood from the CD-

induced ISI. The CD-induced signal impairment can be observed from the waveforms and 

eye diagrams in the insets. 

 
Fig. 6.3.5. Required OSNR as a function of CD accumulation. Insets show eye diagrams and waveforms for 

positive dispersion and negative dispersion.  
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 Polarization mode dispersion tolerance 

In this subsection, receiver performance is evaluated under the PMD-induced signal 

impairment. The theory of signal distortion caused by PMD can be read in Section 5.5.3 and 

the simulation method for testing the PMD tolerance can be seen in Section 6.2.3.  

The simulation results are detailed in Fig. 6.3.6. It can be seen that the DGD tolerance is 

15 ps with 1-dB OSNR penalty, which is similar to the conventional receiver. This result 

agrees with the theory: a 1-dB OSNR penalty occurs at a DGD between 30% and 40% of the 

symbol duration. It can also be seen that the required OSNR increases smoothly when the 

DGD is lower than 15 ps. However, it increases dramatically when the DGD is higher than 16 

ps. This can be understood by the DGD-induced ISI. The DGD-induced signal distortion can 

be seen from the waveform and eye diagram at DGD = 16 ps in the insets.  

 
Fig. 6.3.6. Required OSNR as a function of the DGD. Insets show eye diagram and waveform for DGD of 16 ps. 

 

 Polarization sensitivity 

Because the PM-DQPSK signal is a polarization multiplexing signal and many polarization 

relative optical components are used in our proposed receiver, it is important to study the 

polarization sensitivity of the receiver. Under ideal conditions, the rotation angle of the 

polarization rotator is 90°. However, it is very hard to keep the rotation angle at 90° all the 

time under real conditions. When the rotation angle deviates from the ideal angle, the signal 

quality will be aggravated and higher OSNR will be required to achieve a given BER.  

In order to analyze the relationship between the required OSNR and the angle deviation 

from the ideal rotation angle, a series of simulations were carried out by varying the deviation 

angle from -10° to 10°. In this simulation, another polarization rotator was inserted between 

the original polarization rotator and the PBS1. The simulation results are shown in Fig. 6.3.7. It 

can be seen that, with a 1-dB OSNR penalty, an angle deviation of  3° is permitted. 

However, the OSNR penalty increases sharply when the angle deviation is greater than 5°. 

The reason is that the power difference between the two outputs of the PBS1 increases with 

the deviation angle, leading to a decrease in the extinction ratio of the final received signal. 

This phenomenon can be seen from the waveform and eye diagram, which are illustrated in 
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the insets in Fig. 6.3.7. The eye diagram and the electrical waveform obviously show the signal 

distortion induced by the non-ideal rotation angle. 

 
Fig. 6.3.7. Required OSNR as a function of angle deviation from the ideal angle of 90°. Insets show eye 

diagrams and waveforms for both cases of ideal angle and angle deviation. 

 
 

(a) (b) 

Fig. 6.3.8. Demodulated signal: (a) without angle deviation; (b) with angle deviation of 5° 

The angle deviation-induced signal distortion can also be observed from the demodulated 

optical signal, as shown in Fig. 6.3.8. It can be seen that the optical signal is obviously 

distorted when the rotation angle deviates from the ideal angle by 5°. Luckily, the accuracy of 

the commercial polarization rotators can reach lower than 1° nowadays. Therefore, the 

deviation of rotation angle will not be a problem in the proposed receiver. 

In addition, we also test the angle deviation-induced effect on some other system 

parameters, such as DGD tolerance. The simulation results are shown in Fig. 6.3.9. As can be 

seen, when the angle deviation is less than 1°, DGD tolerance is almost the same as that 

without any angle deviation. As a consequence, we can ignore its effect on DGD tolerance in 

this case. When the angle deviation is 5°, 1 – 2 dB more OSNR is required. 
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Fig. 6.3.9. Required OSNR as a function of DGD under different angle deviation. 

As the conventional PM-DQPSK receiver, both polarization components of a PM-DQPSK 

signal is demultiplexed in the optical domain by two PBSs in our proposed receiver. 

Therefore, the polarization state of the signal launching into the PBSs will affect the receiver 

performance. Under ideal conditions, the signal should be launched into the PBSs at  45°. 

However, the polarization state of the incoming signal changes randomly with the time. This 

problem can be solved by using polarization tracking schemes [Wern 09, Zhan 10], as used in 

the conventional receiver, but it is at the expense of increasing receiver complexity. 

6.3.4 Discussion results 

Numerous simulations have been carried out in a 100 Gbps PM-DQPSK system in this 

section, and the simulation results demonstrate that our proposed PM-DQPSK receiver can 

provide a performance comparable to the conventional receiver. Receiver sensitivity of ~ 24.4 

dBm at a BER of 10
-9

 is obtained using the proposed receiver, which is even slightly better 

than with the conventional receiver. Test of narrowband optical filtering shows that 10 optical 

filters can be concatenated, with a 1-dB OSNR penalty. CD tolerance of – 70 and 60 ps/nm 

are obtained by our receiver, with 2-dB OSNR penalty. In comparison with the conventional 

receiver, 10 ps/nm more negative dispersion can be tolerated using our receiver. Testing the 

PMD tolerance shows that a DGD of 15 ps can be tolerated. In addition, polarization 

sensitivity is also tested to evaluate the receiver performance, and the results detail that an 

angle deviation of 3° from the ideal rotation angle of 90° is permitted, with a 1-dB OSNR 

penalty. The angle deviation-induced effect in the DGD tolerance can be ignored when the 

angle deviation is less than 1°. 

6.4 Conclusions 

In this chapter, we have proposed and demonstrated, via simulation, a DQPSK receiver and a 

PM-DQPSK receiver. The proposed DQPSK receiver is based on a PMF. In this scheme, a 

phase signal is first converted into a PolSK signal, and then it is converted into two intensity-

modulated signals to be detected by a balanced detector. Several simulations have been 

carried out to evaluate the receiver performance, and the simulation results demonstrate that 
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our proposed DQPSK receiver can provide a performance comparable to the conventional 

receiver. Receiver sensitivity of ~ 24.5 dBm at a BER of 10
-9

 is obtained in the simulation. A 

CD tolerance of  160 ps/nm (with a 2-dB OSNR penalty) and PMD tolerance of 15 ps (with 

a 1-dB OSNR penalty) are also obtained using our receiver. By testing narrowband optical 

filtering, it shows that 10 optical filters can be concatenated, with a 1-dB OSNR penalty. 

Finally, test of receiver performances under non-ideal behaviors of receiver components 

indicate that a deviation of the compensating phase of ± 4° and inaccurate time delay of -8 – 

5 ps can be tolerated with 1-dB OSNR. 

The proposed PM-DQPSK receiver is based on a delay line and a polarization rotator. 

Numerous simulations have been made and the simulation results demonstrate that the 

proposed PM-DQPSK receiver has a performance comparable to the conventional receiver. A 

receiver sensitivity of ~ 24.4 dBm at a BER of 10
-9

 is obtained in the simulation. A CD 

tolerance of – 70 and 60 ps/nm (with a 2-dB OSNR penalty) and PMD tolerance of 15 ps 

(with a 1-dB OSNR penalty) are also acquired. Test of narrowband optical filtering shows 

that 10 optical filters can be cascaded, with 1-dB OSNR penalty. Additionally, polarization-

sensitivity test shows that an angle deviation of 3° from the ideal rotation angle of 90° is 

permitted, with a 1-dB OSNR penalty.  

Compared with the conventional DQPSK and PM-DQPSK receivers, our proposed 

DQPSK and PM-DQPSK receiver has the advantage of 1) fewer optical components are used, 

which simplifies the receiver structure; 2) all optical components used in our proposed 

receivers are low-cost, commercial components, which can potentially reduce the total cost. 

In addition, since only one delay line is used in our proposed PM-DQPSK receiver, it can be 

potentially improved to a bit-rate tunable receiver by using a tunable delay line such as a 

commercial motorized variable optical delay line from Newport, to take the place of the fixed 

delay line. This can make the receiver useable in different systems.  

In our proposed DQPSK and PM-DQPSK receivers, it requires the incoming signal to be 

launched at 45° with regarding to the principal axis of the polarization elements (PMF in the 

proposed DQPSK receiver and PBS in the proposed PM-DQPSK receiver). Since the 

polarization state of the incoming signal changes randomly with time, a polarization control 

scheme is required in our proposed receivers to stabilize the polarization state of the 

incoming signal. This, on the other hand, will increase the receiver complexity.  
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Chapter 7 

 

 

7 IMPACT OF OPTICAL FILTERING ON DQPSK AND PM-

DQPSK SIGNALS  

 

 

 

 

7.1 Introduction 

In transparent optical communications networks, optical nodes such as optical cross-connects 

(OXCs) and reconfigurable optical add-drop multiplexers (ROADMs), are designed to add, 

drop, and switch channels from one fiber to another, keeping signals within the optical 

domain for as long as possible [Sygl 06, Chun 09, Tibu 10]. In such an approach, although 

optical switching in OXCs and ROADMs can be cost-efficient in terms of eliminating 

regenerators, one must also take account the optical signal impairment that can arise from 

optical nodes. Because an optical node is actually made up of several optical filters, e.g. 

multiplexer, demulteplexer and wavelength selective switch (WSS), optical signal 

impairment caused by optical nodes can be seen as optical filter-induced signal impairments. 

One of the key impairments is signal distortion brought about by the filter concatenation 

effect. Because of the non-ideal transfer function, the effective bandwidth of the transmission 

channel becomes narrower and narrower as more and more optical filters are cascaded in the 

channel. This will make signal spectrum be clipped severely and introduce strong chromatic 

dispersion [Down 02, Giac 11], thus leads to severe signal distortion. Unlike losses that can 

be compensated by optical filter, signal distortion caused by the filter concatenation effect is 

difficult to compensate. Therefore, in order to keep optical signals propagating in the optical 

network at high quality, it is significant to look into signal impairment brought about by the 

filter concatenation effect.  

In addition to the filter concatenation effect, another important signal impairment brought 

about by the optical filter is the filter-induced crosstalk [Li 96], including out-band and in-

band crosstalk. Out-band crosstalk is the linear crosstalk suffered at the receiver through the 

leakage of some power from adjacent channels into the main signal to be detected. In-band 
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crosstalk can be induced either by the optical switch fabrics or by an optical demultiplexer 

and multiplxer (DEMUX/MUX) pair implemented in each optical node. Unlike out-band 

crosstalk, in-band crosstalk will accumulate and seriously degrade the signal quality, since 

the crosstalk will interfere with the main signal [Yunf 99].  

The optical filter-induced signal impairments are also related to the signal itself. In the 

same optical networks, the use of different optical signals will generate different impairments, 

because of the different spectra. The wider the signal spectrum, the more severe the filter-

induced signal impairment is. Because both 40 Gbps DQPSK and 100 Gbps PM-DQPSK 

signals are compliant with the 50-GHz ITU grid and the 50 GHz-based ROADMs, we will 

look into the impact of the optical filter on these two types of signals in this chapter. 

Moreover, since the use of a 100 Gbps PM-DQPSK signals in a 50 GHz channel can easily 

reach a spectrum efficiency (SE) of 2 bit/s/Hz, which is much higher than the SE produced by 

a DQPSK signal (~ 0.8 bit/s/Hz), PM-DQPSK is a promising signal for the next-generation 

optical networks. Therefore, much attention will be focused on the impact of the optical filter 

on the 100 Gbps PM-DQPSK signals in this work.  

The characteristics of an optical filter will be theoretically presented in Section 7.2. As 

different types of optical filter will generate impacts on the same optical signal, four types of 

optical filter, including Butterworth, Bessel, Fabry-Perot (F-P) and Fiber Bragg Grating 

(FBG), will be studied in Section 7.3. The filter concatenation effect will be presented in 

Section 7.4, whilst the filter-induced crosstalk will be discussed in Section 7.5. Then, 

simulation setups, including both single-channel and multichannel designs, for of the testing 

signal impairments brought about by the optical filter will be presented in Section 7.6, and 

simulation results will be discussed in Section 7.7. Finally, the conclusions will be given in 

Section 7.8.  

7.2 Optical filter 

7.2.1 Characteristic parameters of the optical filter 

Optical filters are essential components in transmission systems for at least two applications: 

multiplex and demultiplex wavelengths in a WDM system, where they are called 

multiplexers/ demultiplexers, and to provide equalization of the gain and filtering of noise in 

optical amplifiers [Rama 10]. A multiplexer combines optical signals at different wavelengths 

at its input ports into a common output port, while a demultiplexer performs the opposite 

function. Multiplexers and demultiplexers are used in WDM terminals and optical nodes such 

as OXCs and ROADMs. In this work, we only focus on the multiplexer and demultiplexer.  

Several parameters can be used to describe the performance of an optical filter. The key 

characteristics of optical filters for use in optical systems are described as follows:  

 Insertion loss, which is defined as the input-to-output loss of the filter. Good optical 

filters should be designed with low insertion losses. 

 Polarization dependent loss (PDL), which is defined as the loss depending on the 

polarization state of the incoming signals. The polarization state of the signal varies 
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randomly with time in most systems. If a filter has a PDL, the output power will vary 

with time as well. Therefore, a good optical filter should be designed without PDL.   

 Temperature dependent passband, which is defined as the passband of a filter shifts with 

the temperature. The temperature coefficient is measured by the amount of wavelength 

shift per unit degree change in temperature. It usually requires that the wavelength shift 

should be much less than the wavelength spacing between adjacent channels in a WDM 

system, with over the entire operating temperature range, which is typically about 100◦C. 

A good optical filter should be insensitive to variations in ambient temperature.  

 The effective passband becomes progressively narrower as more and more filters are 

cascaded in a WDM system. In order to ensure a broad effective passband, it requires that 

the individual filters should have very flat passbands, so as to accommodate small 

changes in the operating wavelengths of the lasers over time. This is measured by the 1-

dB bandwidth, which can be seen in Fig. 7.2.1. 

 Meanwhile, the skirts of the passband should be sharp to reduce the leaked energy from 

the adjacent channels. This energy is seen as crosstalk and it will degrade the system 

performance. 

 
Fig. 7.2.1. Characteristic parameters of optical filters [Rama 10] 

In addition to the abovementioned performance parameters, another important 

characteristic that needs to be considered is the cost. Generally, there are two ways of 

reducing the cost of optical filters. One is to manufacture them using integrated-optic 

waveguide technology; the other one is to implement all-fiber devices. More details on the 

characteristics of an optical filter can be found in Ramaswami [Rama 10]. 
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7.3 Transfer functions of optical filters 

There are several types of optical filter in practice and different filters have different transfer 

functions, resulting in different signal impairments. In order to optimize the optical networks, 

it is important to look into the signal impairments caused by different types of optical filter. 

Therefore, we will study the transfer functions of four types of optical filter in this section, 

which includes Butterworth, Bessel, F-P and FBG filters. 

Because many commercial filters have transfer functions that are well approximated by a 

3rd-order Butterworth filter [Down 02], such as thin film filters that are widely used in WDM 

systems. Thus, we first focus on the Butterworth filter model in Section 7.3.1. Then, the other 

three types of filter models, Bessel, FBG and F-P filters, will be looked into in Section 7.3.2. 

  
(a) (b) 

Fig. 7.3.1. Transmission function (a) and phase transfer function (b) of a Butterworth filter. 

7.3.1 Butterworth filter  

The transfer function of an n
th

-order Butterworth filter can be described as follows [Opti 12]: 

      
       

          
 
        

 
    

    
       

   

 
(7.3.1) 

where α is the insertion loss, fc is the center frequency of the filter, B is the bandwidth, n is 

the order, and f is the frequency. According to (7.3.1), the transmission function and phase 

transfer function of a Butterworth filter with different orders can be calculated, which can be 

seen in Fig. 7.3.1. The transmission function shows that as the filter order increases, the flat 

top region of the filter transfer function becomes wider and the tail decay becomes steeper 

resulting in the transmission spectrum becoming closer to the rectangle transfer function. 

However, the phase linear region becomes narrower as the filter order increases. From Fig. 

7.3.1 it can also be derived that, with the increase in filter order, the effective bandwidth will 

become wider and the effective phase linear region will become narrower, when several 

Butterworth filters are cascaded. The filter performance is determined by the transmission 

function and the phase transfer function.  
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7.3.2 Bessel, FBG and F-P optical filters 

Although the Butterworth filter model is one of the most important optical filters, there are 

several other types of optical filter models, such as Bessel, FBG and F-P filters, which can 

also be used under real conditions. In this subsection, these three kinds of optical filter will be 

studied, and compared with the Butterworth filter. The transfer functions of the Bessel filter, 

FBG and F-P can be described as follows [Agra 04, Opti 12]: 

- Bessel transfer function: 

       
  

     
 (7.3.2) 

with a normalizing constant of 

   
     

     
 (7.3.3) 

and an nth-order Bessel polynomial of  

      

 

   

   (7.3.4) 

where  

   
       

            
 (7.3.5) 

and 

    
          

 
  (7.3.6) 

where wb denotes the normalized 3-dB bandwidth,               for n < 10.  

- For an FBG, its reflectivity spectrum is the transfer function: 

     
          

                    
 (7.3.7) 

with a measure of detuning from the Bragg frequency      , 

        
  

 
         (7.3.8) 

where    is the refractive index of the fiber mode,         is the coupling coefficient,    is 

the modulation depth,    is the length of grating, and q is to be determined and obeys the 

dispersion equation of            .  
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- F-P transfer function:  

        
   

             
      
    

 
(7.3.9) 

with 

  
    

  
    

 

        
  
    

 

    

 
 

(7.3.10) 

where FSR is the free spectral range, and B is the effective bandwidth. In order to draw the 

transfer functions, some parameters are set as shown in Table 7.1.  

Table 7.1 Parameters of filters 

Name Symbol Value Unit 

Center frequency    193.1 THz 

Insertion loss   0 dB 

Order of Bessel polynomial n 3 / 

Normalized 3-dB bandwidth wb 0.9474 / 

Refractive index    1.45 / 

Modulation depth         / 

Grating length    25 mm 

Free spectrum range FSR 500 GHz 

Effective bandwdith B 50 GHz 

 

  

(a) (b) 

Fig. 7.3.2. Transmission functions (a) and phase transfer functions (b) of four types of optical filter 

The transfer functions of the Butterworth, Bessel, FBG and F-P optical filters are shown 

in Fig. 7.3.2. As can be seen, the F-P filter not only has the flattest transmission spectrum, but 

also the large phase linear region. However, it has the smallest flat top region of the 

transmission spectrum, leading to the effective bandwidth decreasing sharply in the case of 

filter concatenation, which will be demonstrated in Fig. 7.4.4. The flat top region of the 
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transmission spectrum of the Bessel filter is a little larger than that of the F-P filter, and it has 

a comparable phase linear region as the F-P filter. Thus, it can be derived that the 

performance of a Bessel filter is better than that of an F-P filter. This assumption will be 

demonstrated in Section 7.7 of the analysis of the simulation results.  Fig. 7.3.2 (a) also 

shows that the Butterworth and FBG filters have a very wide flat top region, which indicates 

that the effective bandwidth will decrease slowly as the number of cascaded filters increases. 

However, in comparison with the Bessel and F-P filters, the phase linear region of 

Butterworth and FBG filters is much narrower, which will increase the impact on the signals.  

7.4 Filter concatenation effect 

As discussed in the previous sections, a good optical filter requires wide flat passband and 

sharp skirts of the passband. These two parameters are determined by the transfer function of 

a filter. Under ideal conditions, it requires that the transmission function of an optical filter 

should be rectangular. However, it is impossible to satisfy this requirement under practical 

conditions. Because of the non-ideal transfer function, the effective bandwidth becomes 

narrower as the number of cascaded filter increases, leading to an increase in filter-induced 

signal impairment. This is can be understood that the effective transfer function of cascaded 

filters is the product of every individual filter. Thus, the effective bandwidth of cascaded 

filters is much narrower than that of an individual filter, as shown in Fig. 7.4.1. Moreover, 

when the center frequencies of all cascaded filters are not perfectly aligned, the effective 

bandwidth will become even narrower.  

According to (7.3.1), the effective transfer functions of cascaded Butterworth filters can 

be calculated. Fig. 7.4.2 shows the concatenated response of 10 Butterworth filters in 

transmission (a) and phase (b). Similar to the individual case shown in Fig. 7.4.2, the higher 

the filter order, the wider the flat top region and the narrower the linear phase region. Fig. 

7.4.3 shows that increasing the filter order from 1
st
 to 7

th
 leads to an increase in effective 

bandwidth from 9 GHz to 39 GHz, with thirty concatenated 50-GHz filters. On the other 

hand, decreasing the filter order from 7
th

 to 1
st
 leads to in an increase in the effective phase 

linear region from 4 to 18 GHz, with ten concatenated 50-GHz filters. 

 
Fig. 7.4.1. Effective transfer function of a single 3

rd
-order Butterworth filter compared with that of 10 

cascaded filters with all center frequencies aligned (red line) and misaligned (green line). 
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(c) (d) 

Fig. 7.4.2. Transmission functions (a) and phase transfer functions (b) of 10 cascaded Butterworth filters 

  
(a) (b) 

Fig. 7.4.3 (a) Effective bandwidth as a function of the number of cascaded filters; (b) Effective linear phase 

region as a function of the number of cascaded filters.   

Based on equations (7.3.1), (7.3.2), (7.3.7) and (7.3.9), the effective bandwidth of these 

four types of filters can be calculated as a function of the number of cascaded filters, which is 

shown in Fig. 7.4.4. As can be seen, the effective bandwidth narrows as the number of 

cascaded filters increases. Increasing the number of Butterworth filter from 1 to 30 leads to a 

decrease in the effective bandwidth from 50 to 27 GHz. Moreover, the effective bandwidth 

will become narrower when the center frequencies of all cascaded filters are not perfectly 

aligned. For example, the effective bandwidth of 30 cascaded Butterworth filters is reduced to 

22 GHz in the case of the center frequencies of all filters randomly misaligned with ± 5 GHz. 

Furthermore, Fig. 7.4.4 also shows that, with a fixed effective bandwidth, more Butterworth 

and FBG filters may be cascaded compared to the F-P and Bessel filters, with the center 

frequencies either aligned or misaligned. This agrees with the aforementioned theory: the 

wider the flat top region, the slower the effective bandwidth decreases as the cascaded 

number increases. 
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Fig. 7.4.4. Effective bandwidth as a function of the number of cascaded filters 

Combined Fig. 7.4.4 with Fig. 7.3.2, it can be concluded that, if the transmission 

spectrum of a filter is much closer to the rectangle transfer function, the effective bandwidth 

is much wider in the case of filters being concatenated. This can be understood through the 

normalized multiplication of the transfer function. Therefore, if we can design a filter with a 

transmission spectrum closer to the rectangle transfer function, more filters may be 

concatenated in the optical networks. This can increase the number of optical nodes, and thus 

extend the managed distance of the transparent optical networks. As a consequence, the 

number of optical-to-electrical-to-optical regenerators will be reduced, resulting in a reduced 

total cost. However, it should be noted that the sharp skirts of the transmission spectrum will 

cut the signal spectrum severely, resulting in signal distortion. Therefore, we should try to 

find a trade-off between the signal distortion and the shape of the transmission spectrum of a 

filter, for extending the transparent distance as long as possible. In addition, it should also be 

noted that the effective phase linear region decreases as the number of cascaded filters 

increases, which will introduce more impairment into the optical signals.  

7.5 Filter-induced crosstalk 

In the previous subsection, we have analyzed the characteristics of the filter concatenation 

effect with different types of optical filters. In addition to the filter concatenation effect, it 

should be noted that the non-ideal filter transfer function can also induce crosstalk if an 

optical filter is used in a multi-channel system. This can be easily understood from Fig. 7.5.1. 

Because of the non-ideal transfer function, some power will be sent to the wrong channels in 

the optical nodes. Fig. 7.5.1 also shows that the leakage from the adjacent channels 

significantly depends on the filter transmission function. The sharper the skirts of the 

passband, the less leakage the filter is induced to the main channel.  

The leaked power will not only generate out-band crosstalk, but also induce in-band 

crosstalk. These two types of crosstalk will penalize the signals, especially the latter. Like the 

filter concatenation effect, different types of optical filters induce different out-band and in-

band crosstalk. In the following subsection, the principles of these two types of crosstalk will 

be briefly introduced. 
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Fig. 7.5.1. Transmission function of an optical filter and the origin of crosstalk from it. 

 

Fig. 7.5.2. Q-penalty as a function of out-band crosstalk level 

7.5.1 Out-band crosstalk  

Out-band crosstalk is the linear crosstalk suffered at the receiver through the leakage of some 

power from adjacent channels into the main signal to be detected and it is introduced by an 

optical filter if its passband leaks into other channels (see Fig. 7.5.1). This type of crosstalk 

only occurs at the final drop location of the channel, and the leaked power is at a different 

wavelength from the channel wavelength. As shown in Fig. 7.5.1, out-band crosstalk depends 

on the shape of the transmission function of a filter. In general, the leaked power from 

adjacent channels is very small and the corresponding induced signal penalty is also small. 

Fig. 7.5.2 shows an example of Q-penalty as a function of the out-band crosstalk level using 

100 Gbps PM-DQPSK signals. It can be see that the Q- penalty is very small when the out-

band crosstalk is less than -20 dBm.  

7.5.2 In-band crosstalk 

In-band crosstalk is well recognized as a potentially serious impairment in optical networks 

with optical switching and configuration nodes, such as OXCs and ROADMs (Yunfeng, 

Kejie et al. 1999. In-band crosstalk can usually be induced either by the optical switch fabrics 

in which a small fraction of a signal is sent to the wrong output port, or  by an optical 

DEMUX/MUX pair used in each optical node. Because of the fact that the emphasis of this 
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work is the filter-induced signal penalty, we only concentrate on the DEMUX/MUX pair-

induced in-band crosstalk. In this case, in-band crosstalk is generated by the leakage of small 

amounts of signal power into the different output ports of a demultiplexer and then further 

leakage of those small signals are sent into the outgoing transmission fiber by the multiplexer 

on the node output side.  

Unlike out-band crosstalk-induced signal penalty, which is caused by the leakage from 

adjacent channels into the main signal to be detected, in-band crosstalk-induced signal 

penalty is that the result of the crosstalk power interfering with the main signal. In general, 

the interfering crosstalk can be divided into two types, coherent and incoherent crosstalk. 

Here we assume that all crosstalk terms are incoherent with respect to each other and to the 

signal, for simplifying the analysis. According to Downie et al. [Down 03], the variance of 

the digital “one” due to in-band crosstalk can be written as 

     
      

            
     

 

   

 (7.5.1) 

where   is the ratio of the signal peak power in the “ones” to the average power,    is the 

average signal power, F is the total number of crosstalk terms,       is the average crosstalk 

power of the fth crosstalk term, and     is the polarization angle difference between crosstalk 

term f and the signal. This expression ignores beating effects between the crosstalk terms, 

because they are very small.  

Assuming that the signal and all crosstalk terms are co-polarization, the variance of the 

“ones” after their passage through K optical nodes generated by DEMUX/MUX pairs and 

switch fabric crosstalk terms can be expressed as [Down 03], 

     
         

                              (7.5.2) 

where      and         represent the effective adjacent and nonadjacent channel crosstalk 

values through a DEMUX/MUX pair, respectively.         is the optical switch fabric-

induced crosstalk, and M is the number of channels.  

Without considering the optical switch fabric-induced crosstalk, the in-band crosstalk is 

mainly determined by the effective transmission function of a DEMUX/MUX pair, which can 

be equal to the model of two concatenated optical filters. Fig. 7.5.3 shows the level of 

crosstalk power as a function of 3-dB bandwidth of the optical filters used in the 

DEMUX/MUX pair. It is normalized to the transmission value at the filter center frequency. 

Note that the signal used here for calculating the leakage is a 100 Gbps PM-DQPSK signal. 

We can see that the leakage induced by the Butterworth filter is the least, while the F-P-

induced leakage is the maximum from among these four types of filter. The corresponding Q-

penalty induced by in-band crosstalk can be seen in Fig. 7.5.4. It can be seen that the in-band 

crosstalk corresponds to the leaked power from the DEMUX/MUX pair. The Q-penalty 

increases sharply as the bandwidth increases. The results also show that the Butterworth 

filter-based DEMUX/MUX pair introduces the minimum Q-penalty from among the four 

types of optical filters. In comparison with the Q-penalty caused by the out-band crosstalk 



7 Impact of optical filtering on DQPSK and PM-DQPSK signals 

126 
 

shown in Fig. 7.5.2, it can be seen that much higher Q-penalty is induced by the in-band 

crosstalk.  

 

 
Fig. 7.5.3. Crosstalk power level as a function of 3-dB bandwidth 

 

Fig. 7.5.4. Q-penalty induced by In-band crosstalk as a function of the bandwidth of the optical filter used in the 

DEMUX/MUX pair.

7.6 Simulation setup 

The configurations of the simulation systems are shown in Fig. 7.6.1, including two 

simulation scenarios: one is a single-channel system and the other one is a multi-channel 

system.  
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(a) 

 
(b) 

Fig. 7.6.1. Simulation systems: (a) single-channel; (b) multi-channel. Tx: Transmitter; Rx: Receiver; BER: 

Bit Error Rate Analyzer; EDFA: Erbium-doped fiber amplifier; SMF: single-mode fiber; DCF: dispersion 

compensation fiber. The eye diagram and signal spectrum shows the filter-induced signal impairment. The 

inset is the detail of an ROADM. 

The channel spacing in both systems is 50-GHz. Because the 40 Gbps DPSK signal 

(excluding the partial DPSK signal) is not compatible with the ITU 50-GHz grid and the 50 

GHz-based ROADM [Pinc 11], we only look into the optical filter-induced signal 

impairments using 40 Gbps DQPSK and 100 Gbps PM-DQPSK signals in this section.  

The generation of a 40 DQPSK signal and a 100 Gbps PM-DQPSK signal can be found in 

Chapter 2, and we will not describe it here. The receivers used to detect DQPSK and PM-

DQPSK signals are direct-detection receivers, whose structures can be seen in Fig. 3.2.3 and 

Fig. 3.2.4, respectively.  

In the single-channel case, the filter-induced signal impairments are looked into using both 

40 Gbps NRZ-DQPSK and 100 Gbps PM-NRZ-DQPSK modulation formats. The 

transmission spans N vary from 0 to 30. Each span consists of an SMF, a DCF, two erbium-

doped fiber amplifiers (EDFAs) and an optical filter. In the multi-channel case, filter-induced 

signal impairments are only studied using 100 Gbps PM-NRZ-DQPSK signals, and are 

launched into the fiber by a     multiplexer. The transmission span N varies from 0 to 10. 
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In order to study the signal penalty brought about by other channels, three specifications of 

DWDM systems were researched, and they had 8, 16 and 32 channels, respectively. In our 

simulation schemes, the SMF-induced dispersion was compensated by a DCF in each span, 

and the power launched into the DCF was kept low (-4 dBm) to avoid introducing nonlinear 

effects, due to the highly nonlinear behavior of this type of fiber. The simulation parameters 

are set out in Table 7.2. In addition, it should be pointed out here that the simulations were 

carried out using the OptiSystem from Optiwave.  

Table 7.2 Simulation parameters 
 

Name Parameter Unit Value 

Filters (Butterworth, 

Bessel, FBG and F-P) 
Insertion loss dB 5 

EDFA 
Gain dB 15 

Noise Figure  dB 5 

SMF 

PMD ps/km 0.02 

Chromatic dispersion ps/nmkm 16.0 

Dispersion slope ps/nm
2
km 0.075 

Attenuation dB/km 0.2 

Length km 90 

DCF 

PMD ps/km 0.05 

Chromatic dispersion ps/nmkm -48 

Dispersion slope ps/nm
2
km -0.15 

Attenuation dB/km 0.26 

Length km 30 

7.7 Simulation results and discussions 

In order to analyze the signal impairments induced by different types of filter, a series of 

simulations have been carried out and the results are discussed in this section, including 

simulation results acquired from both single-channel and multi-channel systems. 

Because the distortion-induced closure of the eye-opening in the time-domain, resulting 

from the clipping of the signal spectrum in the frequency-domain, cannot be easily remedied 

by amplification or other means, it is acceptable to use an eye-opening parameter as the 

limiting factor in terms of the level of the signal quality for evaluating the system 

performance [Down 02]. This, in turn, dictates the maximum number of filters that can be 

traversed by a signal given a fixed eye-opening penalty (EOP). Therefore, we use EOP as a 

measure of system performance for evaluating the filter concatenation effect-induced signal 

impairment in the single-channel case. 

7.7.1  Single-channel case 

A series of simulations have been carried out using both 40 Gbps DQPSK and 100 Gbps PM- 

DQPSK signals. The insets in Fig. 7.6.1(a) obviously show the filter concatenation effect-

induced clipping effect in the signal spectrum and the corresponding distortion-induced eye 

closure in the time-domain after the signal has passed through 10 optical filters. The 

simulation results (Fig. 7.7.1(a)) obtained in 40 Gbps NRZ-DQPSK systems show that in the 

case of the center frequencies of all filters perfectly aligned, the Butterworth and FBG filters 
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show the best performance while the F-P shows the worst. With 1-dB EOP, 18 FBG and 

Butterworth filters may be cascaded. The permitted number is reduced to 9 using the F-P 

filters. In the case of the center frequencies of all filters randomly misaligned with  5 GHz, 

only 12 Butterworth and FBG filters can be cascaded. These results agree with the 

aforementioned characteristic analysis of optical filters. The Butterworth and FBG filters 

have wide flat top region in the transmission functions, leading to the effective bandwidth 

narrowing slowly as the number of cascaded filters increases, which can be seen in Fig. 7.4. 

Therefore, the signal impairments brought about by these two types of filter are less severe 

compared to the Bessel and F-P filters. Fig. 7.7.1 (a) also shows that about 12 Bessel filters 

can be cascaded, either in the case of center frequencies aligned or not.  

  
(a) (b) 

Fig. 7.7.1. EOP as a function of the number of cascaded filters: (a) in 40 Gbps DQPSK systems; (b) in 100 Gbps 

PM-DQPSK systems 

  

(a) (b) 

Fig. 7.7.2. EOP as a function of the number of cascaded Butterworth filters with different orders: (a) in 40 Gbps 

DQPSK systems; (b) in 100 Gbps PM-DQPSK systems 

Fig. 7.7.1(b) details the simulation results obtained in the 100 Gbps PM-DQPSK systems. 

As can be seen, when the center frequencies of all filters are perfectly aligned, the 

Butterworth filter also has the best performance from among these four types of filter, and 

about 12 filters can be cascaded with a 1-dB EOP. The permitted cascaded number for FBG, 

F-P and Bessel filters is 6, 6 and 10, respectively. When the center frequencies of all filters 
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are randomly misaligned with 5 GHz, signal impairment caused by FBG becomes more 

serious, and only 5 FBG filters can be cascaded with a 1-dB EOP. The permitted cascaded 

number of Bessel, Butterworth and F-P filters is 9, 9 and 6, respectively. The simulation 

results also indicate that the extra signal impairment caused by center frequency 

misalignment of ± 5GHz is very small in the limitation of 1-dB EOP for the Bessel filter.  

Making a comparison between the simulation results obtained in both DQPSK and PM-

DQPSK systems, we can see that the Butterworth filter performs best from among these four 

types of filter. Note that the Butterworth filters used in this subsection are 3
rd

-order. Although 

the FBG filter has a performance comparable to the Butterworth filters when it is used in the 

40 Gbps DQPSK systems, it brings much more distortion to the signal when it is used the 100 

Gbps PM-DQPSK systems. This, on the other hand, demonstrates that the filter-induced 

optical signal impairment is not only determined by the type of filter and the number of filters 

used in the system, but also relative to the exact signal format used to transmit the data. 

Additionally, the results also imply that the Bessel filter is more tolerant to the misalignment 

of the filter center frequencies. This may make the Bessel filter more suitable to use in 

practice, since it is very difficult to align all filter center frequencies under real conditions.  

In addition to looking into the signal impairment caused by different types of optical filters, 

we also researched the signal impairment brought about by the Butterworth filter with 

different orders. The simulation results are shown in Fig. 7.7.2. As can be seen, the signal 

impairment brought about by the 2
nd

-order Butterworth filter is the lowest from among all the 

investigated orders, either in 40 Gbps DQPSK or 100 Gbps PM-DQPSK systems. Compared 

with the 3
rd

-order Butterworth filter, 10 more filters can be cascaded in a 40 Gbps DQPSK 

system and 5 more in a 100 Gbps PM-DQPSK system using the 2
nd

-order, with 1-dB EOP. 

This can be understood that the 2
nd

-order Butterworth not only has a flat top region 

comparable to the 3
rd

-order one, but also it can provide a larger phase linear region. Although 

the higher the order, the wider the effective bandwidth of cascaded filters, which can be seen 

in Fig. 7.4.3 (a), the signal impairment caused by cascaded high-order filters is even more 

severe. This phenomenon is due to the sharp descent in the phase linear region and the steep 

edges of the transmission function, which will severely cut the signal spectrum. Therefore, 

even though the effective bandwidth of fifteen cascaded 7
th

-order filters is greater than 40 

GHz (Fig. 7.4.3 (a)), the EOP caused by them is far higher than that brought about by the 2
nd

- 

or 3
rd

-order filters in both DQPSK and PM-DQPSK systems.  

Through the comparison between Fig. 7.7.2 (a) and (b), we may conclude that, when the 

order is lower than the 2
nd

-order (including the 2
nd

-order), the signal impairment is 

determined by the effective transmission function of the cascaded filters; when the order is 

higher than the 2
nd

-order (excluding the 2
nd

-order), the signal impairment is determined by 

the effective phase transfer function of the cascaded filters. In addition, through the 

comparison between Fig. 7.7.1 and Fig. 7.7.2, it can be seen that the signal impairment 

induced by the F-P filter is almost the same as that brought about by the 1
st
-order Butterworth 

filter. This is because the F-P filter can be approximated to the 1
st
-order Butterworth filter 

under real conditions [Khra 96]. 
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7.7.2 Multi-channel case 

In the previous subsection, we have looked into the signal impairments brought about by four 

types of optical filter, together with those brought about by the Butterworth filters with 

different orders in the single-channel systems. However, under real conditions, each fiber 

used in the optical networks always contains many channels, especially the DWDM 

transmission networks. Therefore, compared to the single-channel case, it is more important 

to study the signal impairments brought about by optical filters in multi-channel case. The 

difference from the single-channel case is that not only the filter concatenation effect will 

give rise to distortion to the signal, but the filter-induced crosstalk will also degrade the signal 

quality. 

Given the concept of high bit-rate and the compatibility with the 50-GHz ITU grid and 50 

GHz-based ROADMs, we only researched the signal impairment brought about by optical 

filters in the 100 Gbps PM-DQPSK-based multi-channel systems in this section. Moreover, in 

order to study whether the non-adjacent channels seriously affect the main signal, three types 

of specification of multi-channel systems are looked into here, which are 8, 16 and 32 

channels, respectively.  

In this section, the signal penalty is evaluated using the Q-penalty. In order to calculate the 

total Q-penalty, we first calculate the Q value for a given system in the absence of optical 

filters, followed by a new Q value which is affected by the optical filters. The difference 

between these two values is the total Q-penalty due to the optical filters, including both filter 

concatenation effect and crosstalk.  

The simulation results are shown in Fig. 7.7.3. Through the simulation results, we can see 

that much higher Q-penalty is induced by optical filters in a multi-channel system by 

compared with the single-channel system. The extra Q-penalty induced in multi-channel can 

be understood by the filter-induced in-band and out-band crosstalk. As discussed in Section 

7.5, optical filter-induced crosstalk, especially the in-band crosstalk, will severely degrade the 

signal quality. One interesting result obtained in the simulation is that, although the 2
nd

-order 

Butterworth filter performs much better than the 3
rd

-order Butterworth filter in the single-

channel case, it shows a performance comparable to the 3
rd

-order Butterworth filter in the 

multi-channel case. In the multi-channel systems, 0.7 ± 0.3 dB more Q-penalty is introduced 

using the 3
rd

-order Butterworth filters, while 1.3 ± 0.7 dB more Q-penalty is induced using 

2
nd

-order Butterworth filters. This difference can be explained that due to the wider 

transmission spectrum of the 2
nd

-order Butterworth filter, more crosstalk is introduced into 

the main signal after passing through several optical filters, resulting in an increased total Q-

penalty.  

Simulation results obtained with Bessel, FBG and F-P filters are shown in Fig. 7.7.3 (b) – 

(d). Only ~ 1 dB more Q-penalty is introduced using the Bessel filter compared with the 

single-channel case. Much more Q-penalty is induced by using the F-P and FBG filters. With 

2-dB Q-penalty, only 4 filters can be cascaded, whilst this value will increase to 8 using 

Butterworth or Bessel filters. This advantage can almost extend the transmission distance 2 

fold. On the other hand, the increasing transparent distance will reduce the total cost of the 

optical networks.  
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(a) (b) 

  
(c) (d) 

Fig. 7.7.3. Q-penalty as a function of the number of ROADMs based on: (a) Butterworth filter; (b) Bessel filter; 

(c) FBG ; (d) F-P filter.  

Additionally, the simulation results also show that the signal penalties brought about by 

the optical filters in the three specific multi-channel systems are almost the same. That is 

because the extra crosstalk-induced Q-penalty is mainly determined by the leakage from the 

neighboring channels, and the leakage from the non-adjacent channels can be ignored. It 

should be noted that the study in the multi-channel case is based on the condition that the 

center frequencies of all filters are aligned. In real systems, it is impossible to align all optical 

filters with the laser frequency. Thus, much more signal penalty will be induced in practice.  

Through the simulation results obtained in the single- and multi-channel systems, we can 

conclude that the 2
nd

- and 3
rd

-order Butterworth filters perform best from among the four 

types of optical filters. Hence, in order to optimize the performance of the optical networks, it 

is important to manufacture optical filters that have transfer functions as the 2
nd

 or 3
rd

 order 

Butterworth filters in practice.  

7.8 Conclusions 

This chapter has focused on the impact of optical filters on 40 Gbps DQPSK and 100 Gbps 
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PM-DQPSK signals. A characteristic analysis of Butterworth, Bessel, F-P and FBG optical 

filters shows that the Butterworth and FBG have very wide flat top region of transmission 

spectrum, while the F-P and Bessel have wide phase linear region. Numerical calculation 

indicates that the effective bandwidth narrows as the number of cascaded filters increases, 

especially in the case of all randomly misaligned filter frequencies.  

Filter-induced crosstalk is also analyzed numerically. Numerical calculation shows that 

signal penalty brought about by out-band crosstalk is very small while in-band crosstalk 

induces more penalty to the signal.  

Many simulations were carried out in a single-channel system to test the filter 

concatenation effect-induced signal distortion. Simulation results show that the Butterworth 

filter performs best from among the four types of optical filters. With a 1-dB EOP, ~ 18 

Butterworth filters can be cascaded in a 40 Gbps DQPSK system, and 12 in a 100 Gbps PM-

DQPSK system in the case of all filter center frequencies being aligned perfectly. In the case 

of filter center frequencies randomly misaligned with  5 GHz, only about 12 filters are 

allowed to be cascaded in a 40 Gbps DQPSK system, and 9 in the 100 Gbps PM-DQPSK 

system. Moreover, research into the Butterworth filter with different orders indicates that the 

2
nd

-order Butterworth filter introduces the minimum impairment to the signal from among all 

orders. In comparison with the 3
rd

-order Butterworth filter, 10 more filters can be cascaded in 

40 Gbps DQPSK systems and 5 more in 100 Gbps PM-DQPSK systems using the 2
nd

-order 

Butterworth filter, with 1-dB EOP. 

Moreover, simulations were also carried out in three 100-Gbps-based PM-DQPSK multi-

channel systems. The results show that, much more penalty is induced by optical filters in 

comparison with the single-channel case, due to the extra penalty caused by the filter-induced 

crosstalk. However, the Butterworth filter also has the best performance from among the four 

types of optical filter. With a 2-dB Q-penalty, 8 Butterworth filter can be cascaded in the 

system. In addition, study in multi-channel systems shows that the signal penalty caused by 

the 2
nd

-order Butterworth filter is almost the same as that of the 3
rd

-order, because much more 

crosstalk-induced penalty is introduced into the main signal in this case. 

Therefore, in order to reduce optical filter-induced signal impairment in the 40 Gbps 

DQPSK and 100 Gbps PM-DQPSK systems, an optical filter should be designed 

approximately as a 2
nd

-order or 3
rd

-order Butterworth filter.  
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Chapter 8 

 

 

8 CONCLUSIONS AND FUTURE WORK 

 

 

 

 

Conclusions 

The conclusions of the work set out in this thesis are summarized as follows: 

 

 Two alternative all-fiber in-line MZIs based on the SMS structure are proposed and 

demonstrated experimentally. The first one is based on a graded-index MMF with a 

central dip (MI-MZI-1), whilst the other is based on a graded-index MMF mismatch 

spliced between two SMFs (MI-MZI-2). In the former, most of the power from the 

input-SMF is coupled into the excited LP01 and LP02 modes in the MMF. Theoretical 

analysis shows that more than 80% of the power is coupled into these two modes, 

LP01 and LP02, and the power difference between them is less than 10 %. In the latter, 

~ 90% of the incoming power is coupled into the excited LP01 and LP11 modes in the 

MMF, and the power difference between them is ~ 10 %. Although some power is 

coupled into high-order modes, they do not essentially affect the interference between 

the two dominant modes in any of these two schemes. Experimental results 

demonstrate that interference ER as high as 16 dB can be obtained using both 

schemes. Moreover, results also show that the excited high-order modes only lead to 

the interference ER oscillating with respect to the wavelength. Spacing Δλ that is 

inversely proportional to the length of the MMF is also demonstrated in the 

experiment. In addition, based on the obtained spacing Δλ, it was calculated, that the 

delay coefficients are 8.67 and 4.81 ps/m for the MI-MZI-1 and MI-MZI-2, 

respectively.  

 

 Two novel DPSK demodulators based on the two proposed all-fiber in-line MZIs are 

reported and demonstrated through simulation. Theoretical analysis shows that the 

output of the proposed DPSK receivers is the same as the output in a conventional 
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DPSK receiver. A receiver sensitivity of ~ 23.8 dBm at a BER of 10
-9

 (or ~ 22.4 dBm 

at a BER of 10
-15

) for detecting 40 Gbps DPSK signals, was obtained in the 

simulation using the proposed receivers, which has 1.3 ± 0.2 dB power penalty 

compared to the conventional DPSK receiver. The testing of the OSNR sensitivity 

showed that 3-dB more OSNR is required by the proposed receivers; this is due to the 

single-branch detection. In addition, receiver performances under signal impairments 

were also looked into, including narrow optical filtering, CD tolerance and PMD 

tolerance. The simulation results showed that 2.5 – 4 dB more OSNR is required 

using the proposed receivers. In comparison with the conventional DPSK receiver, 

our proposed receivers have advantages as follows: (a) simple design and ease of 

manufacture; (b) polarization sensitivity is reduced; (c) The total cost can be 

potentially reduced. The main drawback is that ~ 3-dB more OSNR is required. This 

drawback can be solved by splicing a dual-core fiber at the output to construct a 

balanced detection. But this is at the expense of increasing the receiver complexity 

and cost. Another drawback is that the MMF-induced unexpected effects will degrade 

the demodulated signals. 

 

 An alternative DQPSK receiver, which is based on a PMF, was proposed and 

demonstrated via simulation. Theoretical analysis showed that the expressions of the 

outputs of the proposed DQPSK receiver are the same as the conventional DQPSK 

receiver. Simulation results, including receiver sensitivity and performances under 

signal impairments, demonstrated that the PMF-based DQPSK receiver has a 

performance comparable to the conventional receiver. Moreover, its advantages are as 

follows: fewer optical components are used and all the components are low-cost, 

commercial, which may potentially reduce the total cost. The main drawback is that 

the receiver is polarization dependent and the requirement of polarization control 

scheme will increase the receiver complexity.   

 

 A novel PM-DQPSK receiver, which is based on only one delay line and a 

polarization rotator, was proposed and demonstrated through simulation. A receiver 

sensitivity of ~ 24.4 dBm at a BER of 10
-9

 is obtained in the simulation, which is 

similar to that of a conventional direct-detection PM-DQPSK receiver. Receiver 

performances under signal impairments and non-ideal component behavior show that 

the behavior of the proposed PM-DQPSK receiver is similar to that of the 

conventional one. Compared with the conventional direct-detection PM-DQPSK 

receiver, the main advantage of the proposed scheme is that it can be easily improved 

to a bit-rate tunable receiver by using a tunable delay line such as a commercial 

motorized variable optical delay line (for example, from Newport), instead of a fixed 

delay line. This can make the receiver widely usable in different systems. The 

drawback of polarization dependence can be solved through a polarization tracking 

scheme, which is also used in the conventional direct-detection PM-DQPSK receiver. 

 

 The characteristics of four types of optical filter, including Butterworth, Bessel, FBG 

and F-P, have been studied theoretically from transmission and phase transfer 
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functions. Theoretical analysis shows that the Butterworth and FBG filters have wide 

flat top region in the transmission spectrum, resulting in an effective bandwidth, 

slowly decreasing as the number of cascaded filters increase. Conversely, the F-P has 

the smallest flat top region, leading to an effective bandwidth, narrowing sharply as 

the number of cascaded filters increase. Optical signal impairments caused by these 

four types of optical filter have been studied through simulation in a single-channel 

using both 40 Gbps DQPSK and 100 Gbps PM-DQPSK signals, and in a multi-

channel using 100 Gbps PM-DQPSK signals. Signal impairment caused by optical 

filters in the single-channel system is only due to the filter concatenation effect; 

simulation results show that the 2
nd

-order Butterworth filter is the one that performs 

best from among the four types of optical filter. Signal impairment caused by optical 

filters in the multi-channel system is due to both the filter concatenation effect and 

filter-induced crosstalk; the result is a larger signal penalty compared with the single-

channel case. Simulation results demonstrate that the 3
rd

-order Butterworth filter has a 

comparable performance as the 2
nd

-order when it is used in the multi-channel system; 

this is due to the smaller crosstalk introduced in this case to the main signal. With 2-

dB Q penalty, ~ 8 Butterworth filters (both 2
nd

- and 3
rd

-order) can be cascaded in the 

100 Gbps PM-DQPSK-based optical networks. 

Future work 

The work described in this thesis can be further developed in accordance with the following 

research lines:  

 Improvement in the interference ER of the two proposed all-filter in-line MZIs: 

 The size of the central dip in the index profile of the MMF will affect the 

coupling coefficient of each excited mode in the MMF. By designing a proper 

dip, it is possible to concentrate more power in the excited LP01 and LP02 

modes, and reduce the power difference between them. These facts improve 

the interference ER. 

 The diameter of the SMF will affect the mode field distribution of the 

incoming LP01 mode. Adjusting the diameter of the SMFs will result in a 

change in the coupling coefficient of the excited modes in the MMF. 

 

 Novel applications of the proposed all-fiber in-line MZIs: 

 Like the conventional SMS-MZI, the two proposed MZIs can also be 

developed for other applications, such as temperature sensors, strain sensors, 

refractive index sensors, filter lens and so on. 

 Experimental demonstration of the two proposed DPSK receiver 
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 Although simulation results show that the two proposed DPSK receivers have 

good performances, it is important to prove this fact experimentally, since 

there are many potential factors that need to be taken into account, such as 

mode excitation in the MZI, control of mode-dependent one-bit delay, the 

MMF-induced signal impairments, and so on. 

 A 3-dB improvement in OSNR is the most important advantage for DPSK 

signals. Thus, it is important to study the feasibility of the balanced detection 

by splicing a dual-core fiber at the output of the proposed MZIs in practice. 

 Experimental demonstrations of the DQPSK and PM-DQPSK receivers 

 As the former analysis for DPSK receivers, there are numerous potential 

factors that need to be considered in real implementation. Moreover, the 

proposed DQPSK and PM-DQPSK receivers are polarization-dependent. It is 

essential to look into the influences caused by the non-ideal polarization state 

of the incoming signals.  

 Optical signal impairments caused by optical filters 

 Our study of signal impairment in multi-channel systems has only 

concentrated on the case of all filters being aligned. However, it is impossible 

to make all filters aligned with the laser frequency, since the practical center 

frequencies of optical filters have somehow deviated from the ideal frequency 

during manufacture. Moreover, the laser frequency will shift with the change 

of the environment factors such as temperature. Therefore, it is necessary to 

study the optical signal impairment caused by optical filters with misaligned 

center frequencies. 

 The work in the thesis mainly focuses on the signal impairment caused by the 

filter concatenation effect. However, in DWDM networks, the filter-induced 

in-band crosstalk will severely degrade the signal quality, especially the high 

bit-rate, multilevel signals such as PM-DQPSK. In order to optimize the 

performance of the optical networks, it is essential to look into the crosstalk-

induced signal penalties independently. In this case, not only the leakage from 

the main signal itself by the DEMUX/MUX pair needs to be considered, but 

also the leakage from other fibers at the same wavelength by the WSS should 

be taken into account. 

 As Nyquist filtering is now widely used in ultra high bit-rate modulation 

format to constitute a super-channel. It would be very valuable for carrying out 

the same study using Nyquist-filtered signals, such as a Nyquist-filtered 100 

Gbps PM-DQPSK signal. 
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A SIMULATION STRUCTURES 

 
Fig A.1 Simulation structure of a DPSK system: (a) the conventional DPSK receiver; (b) the MI-MZI-1-based 

DPSK receiver (c) and the MI-MZI-1-based DPSK receiver.  

 



A. Simulation structures 

140 
 

 
(a) 

 
(b) 

 
(c) 

Fig A.2. Simulation structure: (a) DQPSK transmitter; (b) the conventional DQPSK receiver; (c) the proposed 

PMF-based DQPSK receiver. 
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(a) 

 
(b) 



A. Simulation structures 

142 
 

. 

Fig A.3. (a) PM-DQPSK transmitter; (b) the PM-DQPSK receiver; (c) the Proposed PM-DQPSK receiver  
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B LIST OF SYMBOLS 
 
 
A Amplitude 

B  Bandwidth  

Bbit Bit rate 

Bn Bessel polynomial 

BRef Optical reference bandwidth 

c Light speed in vacuum   

ck Coupling coefficient of the kth mode 

D  dispersion parameter 

Dp PMD parameter 

E Electric field vector 

Ein Normalized input field distribution 

EO Eye opening 

EOBTB Eye opening penalty 

Eout Output field distribution 

erfc Complementary effort function 

fc Center frequency of an optical filter 

Fn Enhance factor of thermal noise 

FSR  Free spectral range 

h Planck constant 

hdip Dip depth 

I Detected Current 

ID Threshold value 

k Wave vector Spatially 

kB Boltzmann constant 

L MMF length 

Lg Grating length 

NASE ASE noise 

Nnk Normalization constant of each excited LPnk mode 

pe Error probability 

Pk Power of kth mode 

Pout Output power 

Ps Incoming power 

q  Elementary charge 

Rd Detector responsibility 

rer Extinction ratio 

RL  Load resistor 

Rs Symbol rate 

T Symbol duration 

vg Group velocity 

w Spot size at HWHM 

wdip Dip width 

zb Beat length 

Δd Delay coefficient 

Δn Difference in effective refractive index 

Δt Delay time 

Δλ Wavelength difference 
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     Difference in propagation constant between kth and mth modes 

   Phase difference between adjacent symbols 

   Deviation of Angular frequency 

λ0 wavelength in vacuum 

     Transfer function of an optical filter  

     Gamma function 

  Insertion loss 

      Detuning from Bragg frecuency 

  Optical phase 

   Polarization unit vector 

    Average receiver power 

    Effective refractive index of kth mode 

   Propagation constant of kth mode 

   Signal-to-noise ratio 

  
  Thermal noise 

  
  Shot noise 

    Phase difference between kth and mth modes 

   Field distribution of kth mode 

   Angular frequency 
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C ACRONYMS 

AC Alternating-current 

AD Analogue-to-digital 

AM Amplitude modulation 

AMI Alternate-mark inversion  

ASE Amplified spontaneous emission 

ASK Amplitude shift keying 

BER Bit error rate 

BFL Birefringent fiber loop  

BPF Bandpass filter 

BW Bandwidth 

CD Chromatic dispersion 

CSRZ Carrier-suppressed return-to-zero 

CW Continuous wave 

DA Digital-to-analogue 

DB Duobinary  

DBR Distributed Bragg reflector 

DC Direct-current 

DCF Dispersion-compensating fiber 

DFF D-flip flop 

DGD Differential group delay  

DI Delay interferometer 

DML Directly modulated laser 

DPSK Differential phase shift keying 

DQPSK Differential quadrature phase shift keying 

DSP Digital signal processing 

DWDM Density wavelength division multiplexing 

EAM Electroabsorption modulator 

EDFA Erbium Doped Fiber Amplifier 

EO Eye opening 

EOP Eye opening penalty 

ER Extinction ratio 

FEC Forward error correction 

FM Frequency modulation 

F-P Fabry-Perot 

FSK Frequency shift keying 

FWM four-wave mixing 

GVD Group velocity dispersion 

HWHM Half-width at half-maximum 

IM Intensity modulation 

ISI Inter-symbol interference 

ITU International Telecommunication Union 
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LO Local oscillator 

MI-MZI Multimode Interference-based Mach-Zehnder interferometer 

MSK Minimum-shift keying 

MZI Mach-Zehnder interferometer 

MZM Mach-Zehnder modulator 

NPN Nonlinear phase noise 

NRZ Non-return-to-zero 

O/E/O Optical-to-electrical-to-optical 

OOK On-Off keying 

OSNR Optical signal to noise ratio 

OXC Optical Cross-connect 

PAPR Peak to average ratio 

PASS Phased amplitude-shift signaling 

PBC Polarization beam combiner 

PBS Polarization beam spliiter 

PC Polarization controller  

PCF Polarization crystal fiber 

PDF Probability density function 

PM Phase Multiplexing 

PMD Polarization-mode dispersion 

PM-DQPSK Polarization multiplexing differential quadrature phase shift keying  

PMF Polarizaton Maintaining Fiber 

PolSK Polarization shift keying 

PSBT phase-shaped binary transmission 

PSK Phase shift keying 

PSP Principal states of polarization  

QAM Quadrature amplitude modulation 

QPSK Quadrature phase shift keying 

RF Radio frequency 

RMS Root mean square 

RMS Root-mean-square 

ROADM Reconfigurable optical add-drop multiplexer 

RZ Return-to-zero 

SE Spectral efficiency 

SMS Single-mode-multimode-single-mode 

SNR Signal to noise ratio 

SOP State of polarization 

WDM Wavelength division multiplexing 
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