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Abstract 

 

Minimum Shift Keying (MSK) has been long proven to be a successful modulation 

format in wireless communication [1]. Although the concept of applying MSK in 

optical transmission systems was studied as early as the 1990s, it has recently 

aroused a renewed interest in the research community owing to its unique 

characteristics such as compact spectrum, continuous phase and also its less 

comparative complexity in achievement compared to other advanced modulation 

formats. 

  

In this thesis the author built an MSK transmission simulation platform using 

programming software in the name of SIMULINKTM and VPItransmissionMakerTM and 

investigated the gaps in current MSK research over the past few years. The 

contributions are: 

 

¶ A range of various MSK transmitters and receivers proposed by different 

researchers were systematically summarized and evaluated. 

¶ A novel MSK modulation format DC33 MSK is proposed. 

¶ The resistance of various MSK formats in the presence of imperfections of 

transmitters and receivers were analysed.  

¶ The performance of novel MSK formats in long haul transmission including 

residual dispersion, dispersion mapping and effects of nonlinear noise were 

analysed. 

 

It was found that the novel DC33 MSK format is not only less complex to generate 

than the conventional linear MSK signal, but also has many advantages over linear 

MSK signals in terms of receiver sensitivity, resistance to transmitter and receiver 

noises and residual dispersion. The findings in this thesis show that DC33 MSK is a 

good candidate for future optical transmission systems being a good compromise 

between spectral efficiency, robustness and complexity. 
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Chapter 1 Introduction 

 

1.1 Overview 

 

In the past two decades, the internet has become intimately woven into the fabric of 

our lives. The number of internet connected devices has been increasing steadily and 

our needs have gradually shifted from text-based services to hypertext contents. 

Some major break-through techniques invented in the 1990s, including wavelength 

division multiplexing (WDM) and optical amplification, enabled an exponential 

bandwidth growth of optical fiber communication. The result is revolutionary. 

Compared to early generations of optical communication systems, the capacity of 

optical fiber transmission has increased tenfold. In the early 21st century, 10 Gb/s per 

WDM channel became available at a low-cost and was installed by major carriers 

around the world.  

 

With the growth of bandwidth-demanding internet services such as high definition 

on-line games and video conferences in recent years, the demand for bandwidth 

increases at an unprecedented speed. The needs for 40 Gb/s per WDM channel and 

higher over 10 Gb/s is emerging. Conventional on-off keying (OOK) modulation, 

which simply turns on and off the light, dominates the 10 Gb/s per WDM channel 

market. But as the speed grows to 40 Gb/s and higher, advanced modulation formats 

become more competitive because of improved sensitivity over OOK, with a trade-

off of a more complex design [2]. Among them, differential coded formats stand out 

as they are relatively easy and cheap to generate and retrieve. They can be detected 

using self-coherent methods, saving the cost of expensive coherent receivers.  

 

There are three main differential phase-shift-keying (PSK) modulation formats: 

differential binary PSK (DPSK), differential quadrature PSK (DQPSK), and minimum 

shift keying (MSK). Compared to the other two PSK formats, MSK has many unique 

attributes, including continuous phase changes across bit boundaries and a very 
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compact spectrum [3]. It has been successfully used in wireless communication. 

Contrary to the extensive research work towards DPSK and DQPSK, little work has 

been conducted on MSK and the findings of MSK performance in areas including 

receiver sensitivity and residual dispersion resistance have not reached a unanimous 

conclusion by different researchers around the world [4], [5]. 

 

Before we can conduct a thorough investigation of MSKΩs unique attributes over the 

other two PSK formats, there are three open problems we need to address: 

 

Problem 1 

A wide range of MSK transmitters has been proposed by different researchers over 

the time. A systematic review of all MSK transmitters is needed to analyse the 

characteristics of their generated MSK signals. 

         

Problem 2 

MSK signal can be composed by combining pulses with various pulse shaping 

methods. Therefore, the MSK format can be sub-divided into different MSK formats 

according to the pulse shaping methods. A systematic investigation is lacking for the 

various MSK formats and the generation of them. 

 

Problem 3 

As discussed in Problem 2, MSK signals can have various pulse shaping methods. The 

employment of suitable pre-coding scheme for each MSK signal is important to 

restore the transmitted data. To the best of the authorΩs knowledge, there has been 

no work conducted on studying the underlying principles of corresponding pre-

coding schemes. 

 

After the above questions are studied, we will investigate the back to back (BTB) and 

long haul transmission performance of MSK and compare it with DPSK and DQPSK in 

the second half of the thesis, to determine which format is the best candidate for the 

high speed optical fiber transmission network employing phase-shift-keying formats. 
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1.2 Thesis structure 

 

Chapter 2 reviews some fundamentals used in this thesis including the principles of 

MSK. It then systematically reviews the development history of MSK signal format in 

optical transmission systems in a chronological manner. The various MSK 

transmitters proposed previously have been summarized and classified. 

 

Chapter 3 presents the modelling of the key modules in constructing an optical fiber 

transmission platform including MSK transmitters, receivers and optical signal 

propagation in fiber using SIMULINKTM and VPItransmissionMakerTM. 

 

Chapter 4 discusses various MSK formats with different pulse shaping methods, and 

proposes a novel DC33 MSK format and gives the corresponding precoding 

mechanisms.  In later sections of this chapter, the basic characteristics and the 

receiver sensitivity of DC33 MSK is analysed. 

 

Chapter 5 discusses the performance of DC33 MSK signal as compared to other PSK 

formats in BTB transmissions setup in the presence of imperfections in transmitters 

and receivers, and also in a long haul single channel optical transmission networks.  

 

Chapter 6 concludes the thesis with comments on the obtained results and future 

work. 
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Chapter 2 A Review of MSK in Optical 

Communication Systems 

 

 

The development and installation of lightwave systems is considered to be one of 

the greatest achievements in the 20th century. Researchers worldwide have been 

pushing the boundaries of the capacity of optical fiber transmission systems since 

their first introduction. During the later years, one of the research focuses has been 

on advanced modulation formats including MSK. Advanced modulation formats are 

believed to be an essential part in the next generation of optical transmission 

systems, and MSK is a strong candidate among them.  

 

The aim of this chapter is to place MSK in the context of optical transmission. The 

chapter begins with a brief introduction of the historical development of optical 

communication systems. It is then followed by an outline of the development of 

advanced modulation formats in recent years. Different advanced modulation 

formats, including DPSK, DQPSK and MSK, are outlined and compared. The operating 

theory of MSK is then summarized. After that, the development of MSK transmitters 

with various modulation approaches is summarized and different MSK transmitters 

designed and built over the years as well as various MSK formats in terms of pulse 

shaping methods are reviewed. Moreover, the reported advantages and 

disadvantages of MSK over other modulation formats, such as DPSK and DQPSK, are 

critically reviewed. Finally, various MSK signals with different pulse shaping methods 

are discussed and compared. At the end of this chapter, the achievements of 

experimental and situational optical transmission systems employing MSK have been 

summarized. 
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2.1 Fundamentals of light propagation in fiber 

 

2.1.1 Fiber losses 

The average power ὖ of a propagating optical wave gradually attenuates as a result 

of material absorption, Rayleigh scattering and waveguide imperfections. According 

to BeerΩs law:  

where ɻ stands for attenuation coefficient. For a span of optical fiber with a length 

of ὒ, if the launching power is  ὖ , the transmitted power ὖ  is given by 

To express  in its customary units of dB/km we get 

Fiber losses vary with the wavelengths of transmitted light. The fiber loss parameter 

is about 0.2dB/km for a standard single mode fiber near the region of 1.55 µm.   

 

2.1.2 Dispersion in single-mode fiber (SMF) 

By definition, SMF only supports a pulse travelling in fundamental mode thus 

intermodal dispersion is absent. However, pulse broadening also occurs as different 

spectral components of the pulse travel at slightly different group velocities caused 

by chromatic dispersion - a phenomenon called group velocity dispersion (GVD). 

Chromatic dispersion manifests through the frequency dependent refractive index 

ὲ . Mathematically, the effects of fiber dispersion are accounted for by expanding 

the mode-propagation constant  in a Taylor series about the frequency   at which 

the pulse spectrum is centred [6]:  

where 

 ὨὖὨᾀ ὖϳ  (2.1)  

 ὖ ὖÅØÐ ὒ (2.2)  

 ὨὄὯάϳ
ρπ

ὒ
ὰέὫ

ὖ

ὖ
τȢστσ (2.3)  

  ὲ


ὧ
   

ρ

ς
   Ễ (2.4)  
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The group velocity  ὺ is defined as [7]: 

As can be seen from Equation (2.6), ὺis frequency dependent. Substituting Equation 

(2.5) into Equation (2.6) leads to ὺ ρϳ . Consider a single-mode fiber of length ὒ. 

A pulse would propagate through it in a time delay Ὕ ὒὺϳ . If the spectral width of 

the pulse is Ўthe extent of dispersion is governed by ,(‗bandwidth range is Ў)  

where  

Ὀ is called the dispersion parameter and is expressed in units of ps/(km-nm).  is 

called the GVD parameter and can be calculated using Equation (2.5).  and Ὀ vary 

with wavelength ‗. Fibers with different dispersion properties, such as dispersion-

shifted fiber and dispersion-compensating fiber (DCF), can be manufactured by 

carefully designing the wavelength dependent GVD parameter .   

 

2.1.3 Nonlinear optical effects 

The nonlinear effects in optical fiber can be categorized into stimulated scattering 

effects and Kerr effects. The scattering effects include stimulated Brillouin scattering 

and Raman scattering and are responsible for intensity dependent gain or loss. 

Nonetheless, optical communication systems are usually limited by nonlinear Kerr 

effects other than stimulated scattering effects [8]. Thus we will mainly discuss Kerr 

effects in this section.  

 

The response of all dielectric materials to light becomes nonlinear under strong 

optical intensity, and optical fiber is no exception [9]. The refractive index of silica 

fiber is weakly dependent on optical intensity due to Kerr effect according to 

 
Ὠ 

Ὠ
ȟά πȟρȟςỄ  (2.5)  

 ὺ ὨὨϳ  (2.6)  

 ɝὝ
ὨὝ

Ὠ‗
ɝ‗

Ὠ

Ὠ‗

ὒ

ὺ
ɝ‗ Ὀὒɝ‗ (2.7)  

 Ὀ
Ὠ

Ὠ‗

ρ

ὺ

ς“ὧ

‗
 (2.8)  
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where ὲ is the nonlinear index coefficient with a typical value in the range of 2.2-

3.4 x 10-20 m2/W [7], ὖ is the optical power and ὃ  is the effective mode area. ὲ 

and ὖ are of very small values, as intrinsically silica is not a highly nonlinear material. 

However, the high confinement of propagating optical signals to the SMF core (light 

intensities can exceed one MW/cm2 [10]), combined with long transmission distance 

in modern optical communication systems makes Kerr nonlinearity effects no longer 

negligible.  

 

For a slow varying single-polarization optical field expressed as ὃᾀȟὸ, where ᾀ and 

ὸ stand for the propagation distance and time respectively, the evolution along a 

single mode optical fiber in the presence of instantaneous Kerr nonlinearity in an 

optical fiber can be written as [6]: 

where  stands for the second order dispersion factor of the group velocity 

dispersion and  represents the nonlinear coefficient that equals to ς“ὲ ὃ ‗ϳ . 

The third-order dispersion term is negligible and ignored here. Equation (2.10) is 

often referred to as nonlinear Schrödinger equation (NLSE), which describes the 

following effects in a single-channel transmission fiber: (a) attenuation; (b) chromatic 

dispersion; (c) second order dispersion; and (d) self- phase modulation. 

 

The phase modulation in optical transmission lines induces three common nonlinear 

effects: namely, self-phase modulation (SPM), cross phase modulation (XPM), and 

four-wave mixing (FWM). All these effects could be described by NLSE. 

 

Self-Phase Modulation (SPM) 

Since the ŦƛōŜǊΩǎ refractive index is dependent on the optical power through the Kerr 

effect as shown in Equation (2.9), fluctuations in optical power give rise to phase 

 ὲ ὲ ὲ ὖ
ὃ  (2.9)  

 
ὃ

ᾀ

Ὥ

ς

ὃ

ὸ



ς
ὃ Ὥȿὃȿὃ (2.10)  
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fluctuations while propagating through an optical fiber. The nonlinear phase shift is 

given by [6]: 

Equation (2.11) shows that the optical phase changes in time exactly the same way 

as the intensity of the optical signal. As the nonlinear phase modulation is self-

induced, it is called self-phase modulation (SPM). SPM leads to frequency spectral 

broadening, which can cause a significant temporal broadening of optical pulses in 

the presence of chromatic dispersion. 

 

Cross-Phase Modulation (XPM) 

The Kerr effect could cause another nonlinear phenomenon known as cross-phase 

modulation (XPM). XPM is a pulse shift of one channel due to optical signals in other 

channels in a multi-channel system. The phase shift for the jth channel becomes [6]: 

¢ƘŜ ŬǊǎǘ ǘŜǊƳ ƛǎ ǊŜǎǇƻƴǎƛōƭŜ ŦƻǊ SPM, and the second term is for XPM. XPM only 

occurs when pulses in the other channels overlap with the signal of interest. Thus 

the total phase modulation depends on the powers in all channels, channel spacing, 

as well as the bit pattern of all channels. The spectrum broadened due to XPM will 

induce a significant distortion of the temporal shape of a pulse in the presence of 

large dispersion [9]. 

 

Four-wave mixing (FWM) 

Four-wave mixing (FWM), also known as four-photon mixing, is a parametric 

interaction among optical waves. If three optical fields with carrier frequencies  , 

  and   are fed into a fiber, a fourth is generated at     . 

     is the most common form as it can easily satisfy the phase-

matching requirement [6]. The FWM process can transfer power to neighbouring 

channels and induce inter-channel crosstalk to the system.  

 ‰ ὖᾀ (2.11)  

 ‰ ᾀὖ ς ὖ  (2.12)  
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Three different effects result from the nonlinear refractive index, namely, SPM, XPM 

and FWM, which have been separately discussed above. However, in real systems 

the broadened spectrum due to the three nonlinear effects are usually 

indistinguishable, especially in a DWDM system where channels are packed closely 

to each other [11]. The system performance degradations by fiber nonlinearities are, 

in general, assessable by solving the nonlinear Schrödinger equation (NLSE). In this 

thesis NLSE can be numerically approximated by the split-step Fourier Method (SSFM) 

[6] as will be discussed in details in the next chapter. 

 

2.2 A brief history of advanced modulation format in optic-

fiber communication development 

 

Information technology has revolutionized our way of life in every aspect, and the 

whole society is benefiting from it. However, none of this can be realized without the 

invention of optical fibers, which was first envisioned by the 2009 Nobel physics 

prize winner Kao in 1966 [12] to be the next generation transmission medium 

replacing coaxial cables. One span of feather-light fiber can easily replace 4000 

parallel connections1 of coaxial cable to achieve the same transmission rate over the 

same distance. In other words, the same amount of information data which took one 

year to transmit in the era of electrical communication would only take less than two 

and a half hours with fiber transmission.  

 

2.2.1 Evolution of optic-fiber communication systems 

British Telecom Research Laboratories successfully installed an experimental 

multimode system between Martlesham Health and Ipswich in 1977 [13], a few 

years later after the availability of relatively low loss fiber and stable semiconductor 

lasers. After 1980, several commercial multimode fiber systems were deployed [6]. 

These first generation fiber systems could operate up to 140 Mb/s and required 

                                                      
1
 Calculation is based on considering 100 Mb/s operation bit rate for typical coaxial systems and 400 

Gb/s (10X40 Gb/s) operation bit rate for typical WDM optical fiber systems [6] G. P. Agrawal, Fiber-
optic communication systems, 4th ed. Hoboken, N.J.: Wiley, 2010.. 
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repeaters spaced every 7 to 15 km [14]. Their bit rates were limited by the large 

modal dispersion in multimode fibers [11, 15]. The second generation of lightwave 

systems, which first appeared in 1987, made a striking progress both on the bit rate 

and repeater spacing [16]. The improvement was realized by two factors. Firstly, 

single mode fibers were used to avoid intermodal dispersion. Secondly, the 

attenuation was reduced from 3 dB/km to 0.5 dB/km by shifting the operating 

wavelength window from 800 nm to 1300 nm. The operating wavelength finally 

evolved to 1550 nm to achieve the 0.2 dB/km minimum losses in silica fibers [7], 

which marked the third generation of lightwave systems.  

 

The breakthroughs in optical amplification and wavelength-division multiplexing 

(WDM) in the early 1990s revolutionized lightwave systems. The development of the 

Erbium-doped fiber amplifier (EDFA) eliminated the use of complex electrical 

regenerators, and made long-haul WDM systems commercially practical [17]. The 

fourth generation of lightwave systems, employing these two techniques, appeared 

around 1994 and the early experiments in this period combined a modest number of 

2.5 or 10 Gb/s channels. The system capacity has grown exponentially since then. By 

1996, 1 Tb/s systems were demonstrated with several tens of channels and spectral 

efficiency began to increase toward unity [18].  

 

The progress of transmission systems capacity slowed at this point as both the 

number of channels and transmission rate per channel reached a bottleneck. In 

order to accommodate more channels in a single mode fiber, either the optical 

bandwidth or the efficiency of modulation needs to be increased. After 2000, a fifth 

generation of lightwave systems started to emerge, extending the wavelength 

window from the conventional C band to the neighbouring L and S bands with the 

help of new amplification schemes (such as thulium-doped fiber amplifiers (TDFA) 

and distributed Raman amplification [17].) In 2001, a WDM system with 300 

channels using C and L bands, each operating at 11.6 Gb/s, was demonstrated over 

7000 km [19]. The invention of water-peak-suppressed fiber further enabled the 

potential full use of wavelengths ŦǊƻƳ мΦол ǘƻ мΦрр ˃ƳΦ In 2010, multi-core fibers [20] 

were shown to increase data capacity several times by spatial division multiplexing 
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(SDM). The other way to accommodate more channels into a WDM system except 

for the extension of bandwidth is to reduce the channel spacing. This leads to the 

development of dense WDM (DWDM). DWDM requires more spectral efficient 

modulation formats, thus advanced modulation formats started to attract renewed 

attention. By now, advanced modulation formats are common both in high speed 

optical transmission experiments and even in commercial optical transmission 

systems.  

 

Another promising way is to apply orthogonal frequency division multiplexing 

(OFDM) in optical communications. Unlike WDM, this approach allows subcarriers to 

overlap, thus increasing the spectral efficiency to a large extent [21-23]. By 

incorporating the OFDM technique using multiple sources along with advanced 

modulation format, a historic 101 Tb/s bit rate transmission was achieved over 3 x 

55 km in 2011 [24]. Later that year, a European research group announced a record 

of 26 Tb/s bit rate in a single-mode fiber from a single laser source [21].  

 

2.2.2 Advanced modulation formats 

The majority of early or low capacity commercial optical fiber transmission networks 

were On-Off Keying (OOK) systems. Transmitters and detectors only use the single 

άintensityέ dimension of an optical field to modulate and detect signals. Advanced 

modulation formats, on the other hand, imprint data on the phase of an optical field 

in addition to the intensity. Thus advanced modulation format is capable of 

transmitting more than one bit in one symbol, if multilevel phase and intensity is 

employed. Advanced modulation formats have been exploited extensively in radio 

and microwave communication systems and can also be transferred to optical fiber 

communication with the help of advanced modulation formats transmitters and 

coherent receivers. Advanced modulation formats in optical communication were 

considered as early as the 1980s [6], but they only rose to be a serious competitor 

against the OOK formats from 2002 [14].  Differential phase-shift-keying (PSK) 

modulation formats with direct-detection were first investigated. Shortly after, 

multilevel modulation formats with coherent detection received much attention. 
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Both schemes have made a significant breakthrough in the development of optical 

transmission systems.  

 

Differential phase-shift-keying (PSK) modulation formats include differential binary 

PSK (generally referred to as DPSK), differential quadrature PSK (DQPSK), and 

minimum shift keying (MSK). These kinds of modulation formats carry information in 

optical phase changes between bits. Each bit acts as a phase reference for the 

succeeding bit [2]. Thus they can be direct-detected using photodiodes (PD) 

combined with an optical delay interferometer, which converts the phase 

information to intensity information. The transmitter and receiver design of DPSK is 

similar to that of OOK. DPSK does not improve spectral efficiency as it only transmit 

one bit during one symbol. But it has a 3-dB lower optical signal-to-noise ratio (OSNR) 

requirement over OOK to reach a given bit-error-ratio when using balanced 

detection [25]. In addition, it offers a large nonlinear XPM effect tolerance and good 

performance for dense WDM systems [6]. In 2003, using DPSK, 40 channels (each at 

40 Gb/s) over a single-mode fiber were demonstrated to transmit over a trans-

Pacific distance of 10,000 km with a spectral efficiency of 0.4 b/s/Hz [26]. Compared 

to DPSK, QPSK doubles the spectral efficiency by transmitting 2 bits per symbol. The 

compact spectrum makes it resilient to chromatic dispersions and narrow filtering 

for DWDM systems. A system capacity of 25.6 Tb/s over a distance of 240 km was 

realized in a 2007 experiment [27] 160 channels spaced at 50 GHz were transmitted, 

resulting in a spectral efficiency of 3.2/b/Hz. Some market leaders, including Lucent 

[28] and Ciena, have deployed DPSK and DQPSK based high speed commercial 

optical transmission networks since 2006.  

 

Similar to DPSK, MSK is also a binary modulation format. However, MSK belongs to a 

class of continuous phase modulation (CPM) formats [3], contrary to discrete 

modulation formats like DPSK and DQPSK. The phase of MSK changes linearly and is 

always changing. The phase difference between adjacent symbols ƛǎ ŜƛǘƘŜǊ Ҍˉκн ƻǊ - 

ˉκнΣ ǿƘŜǊŜƛƴ ǘƘŜ Ҍˉκн ǇƘŀǎŜ ŎƘŀƴƎŜ ǎǘŀƴŘǎ ŦƻǊ ōƛǘ άмέ ŀƴŘ ǘƘŜ - ̄ κн ǎǘŀƴŘǎ ŦƻǊ ōƛǘ ά-мέ 

or ά0έ. With a typical transmitter similar to that of offset QPSK and a receiver similar 

to that of DPSK, the complexity of MSK is between that of DPSK and DQPSK. MSK has 
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long been proved in wireless communications [1] and is chosen to be the modulation 

scheme for the European mobile GSM system, for being a good compromise 

between spectral efficiency, robustness and complexity [29]. Along with other 

modulation formats, MSK has gained attention for optical systems since early 2000s. 

Regardless of its unique attributes, MSK has not been studied as extensively as other 

differential phase shift keying formats, for instance, DPSK and DQPSK. The lack of 

research is largely due to the difficulty in constructing a high speed MSK modulator, 

which was only available in 2009 [30]. The principles and performance of MSK will be 

further discussed in following sections. 

 

Multilevel modulation formats, such as 16-ary Quadrature Amplitude Modulation 

(16-QAM) and 256-QAM, in conjunction with coherent detection is another research 

trend [31]. Multilevel modulation formats can significantly increase the spectral 

efficiency, thus reduce the channel spacing in wavelength-division multiplexed 

(WDM) systems.  As a result, the system capacity is multiplied. In addition, coherent 

detection allows linear translation of the optical electrical field, enabling advanced 

post digital signal processing techniques such as electronic dispersion compensation 

[32]. By using 32-QAM combined with a coherent receiver, one experiment carried 

out in 2010 managed to transmit 640 channels with 107 Gb/s bit rate per channel to 

a distance of 320 km [32]. In that experiment, the channel spacing was reduced to 

12.5 GHz, reaching a spectral efficiency of 6.5 b/s/Hz.  

 

Although multilevel modulation formats have shown unprecedented spectral 

efficiency, they also require higher signal-to-noise ratios. For instance, going from 

QPSK to 16-QAM incurs a 3.8-dB SNR penalty (for the same bit rate), but gives twice 

the spectral efficiency [33]. The fundamental penalties in addition to the complex 

components in implementing these formats lead to a relatively high network cost. In 

contrast, differential PSK formats offer a simple technological implementation by 

using self-coherent receivers, which eliminates the need of local oscillators or 

polarization control [4]. The comparable simple implementation combined with 

good noise-resilient characteristics make differential PSK formats one of the most 
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important advanced modulation formats in low budget high speed optical 

transmission systems operating at a rate of 40 Gb/s and even beyond [2]. 

 

 

2.3 Principles of MSK 

 

MSK is a special type of phase-frequency shift keying modulation format. The MSK 

signal has a continuous phase that increases or decreases linearly at a fixed rate, 

which guarantees a fixed frequency deviation for one symbol, and an identical phase 

difference between adjacent symbols. MSK can be derived from Offset Quadrature 

Phase Shift Keying format (OQPSK) by shaping the pulses with half sinusoidal 

waveforms, or be derived as a special case of the Continuous Phase Frequency Shift 

Keying format (CPFSK) [1]. 

 

2.3.1 MSK viewed as a OQPSK format 

Identical to OQPSK modulation, the input binary bit stream ὧ is separated into two 

data streams Ὅὸ and ὗὸ, consisting odd and even bits of ὧ respectively, with an 

offset by one bit period Ὕ, as shown in figure below: 
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Figure 2-1 OQPSK and MSK input data stream ╬▓ separation 
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If we denote the value of Ὅὸ and ὗὸ in the interval of  ὯὝȟὯ ρὝ as Ὅ and 

ὗ , then the corresponding relationship between the data stream ὧ and the in-

phase data stream Ὅ and quadrature data stream ὗ  can be written as: 

 

When k is odd: 

When k is even: 

In OQPSK modulation, the staggered pulse trains of the in-phase channel and 

quadrature phase channel are directly modulated onto two orthogonal carriers to 

generate OQPSK signal. In MSK modulation, the pulse trains in the two channels are 

weighted into sinusoidal shapes. Ὅὸ and ὗὸ are weighted with a half period of a 

cosine function or a sine function with a period of 4Ὕ, where Ὕ is the bit period of 

the data: 

The weighting procedure is shown in Figure 2-2 (c-g). The half period of the cosine or 

sine function coincides with one symbol of Ὅὸ or ὗὸ.  

 
Ὅ Ὅ ὧ
ὗ ὗ ὧ  

 (2.13)  

 
 Ὅ Ὅ ὧ
ὗ ὗ ὧ

 (2.14)  

 

Ὅ ὧὬὥὲὲὩὰȡ ὍὸÃÏÓ
“ὸ

ςὝ
 

ὗ ὧὬὥὲὲὩὰȡ ὗὸÓÉÎ
“ὸ

ςὝ
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Figure 2-2 MSK sinusoidal pulse shaping of in-phase and quadrature phase pulse trains 

 

The sinusoidal pulses are used to modulate the in-phase and quadrature phase 

carriers instead of rectangular shapes used in OQPSK, which resulted in a constant 

envelope and continuous phase. The weighted data streams of the two channels are 

then modulated onto two orthogonal carriers. Consider a light wave with carrier 

frequency of Ὢ and an amplitude of ὃ. The carriers need a phase difference of “ςϳ  

to be orthogonal to each other. An optical MSK signal is then given by 

The intensity and phase of the MSK signal is shown on Figure 2-3 (g) and (h).  

 Ὓὸ ὃὍὸÃÏÓ
“ὸ

ςὝ
ὮὗὸÓÉÎ 

“ὸ

ςὝ
ÅØÐ Ὦς“Ὢὸ  (2.15)  
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Figure 2-3 Generation of MSK waveforms 

 

Pre-coding of MSK 

During the interval of  ὯὝȟὯ ρὝ, Ὅὸ and ὗὸ are fixed values and can be 

replaced by Ὅ and ὗ . As such, Equation (2.15) can be re-written as: 

Using the well-ƪƴƻǿƴ 9ǳƭŜǊΩǎ ŦƻǊƳǳƭŀΣ ǘhe baseband part of MSK in the square 

brackets in Equation (2.16) becomes 

 
Ὓὸ ὃὍÃÏÓ

“ὸ

ςὝ
ὮὗÓÉÎ

“ὸ

ςὝ
ÅØÐὮς“Ὢὸ 

ȟὯὝ ὸ Ὧ ρὝ 
(2.16)  

 Ὓὸ ὃὩὼὴὮς“Ὢὸ ὦ
“ὸ

ςὝ
• ȟὯὝ ὸ Ὧ ρὝ (2.17)  
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Where ὦ ρ when Ὅ ὗ and ὦ ρ when Ὅ ὗ ; while • π when 

 Ὅ ρ and • “ when Ὅ ρ. Or equivalently 

By replacing Ὅ and ὗ  with ὧ using Equation (2.13), we can rewrite the expression 

of ὦ ὧṥὧ  in the view of logical operation, where sƛƎƴ άṥέ ǎǘŀƴŘǎ ŦƻǊ ǘƘŜ 

XOR operation. Figure 2-3 (g) shows the phase change of MSK modulated by an 

incoming data stream ὧ. If the MSK signal is demodulated in the receiver side by 

comparing the phase change between consecutive symbols, which depends on the 

sign of ὦ, the received signal can be expressed as ὧṥὧ . The received signal ὶ 

should be equal to the original data Ὠ . According to the swap property of XOR, the 

coding algorithm of ὧ is given by: 

Figure 2-3 (a) shows an sample original data sequence Ὠ . Figure 2-3 (b) shows the 

coded data ὧ using Equation (2.19). As can be seen, the phase change of MSK 

shown in Figure 2-3 (h) follows the same pattern of the original data sequence. The 

pre-coding algorithms will be discussed in greater details in Section 4.2. 

 

Proof of phase continuity 

It can be proven below that the phase of MSK signal is continuous between bit 

transitions for all possible situations. Suppose at one particular transition instance 

ὑὝ, the phase just before and after the transition can be given by substituting the 

end of the interval, Ὧ ρὝ ὸ ὯὝ to Equation (2.17): 

The phase just after the transition instance ὑὝ is given by substituting the beginning 

of the interval ὑὝȟὑ ρὝ to Equation (2.17): 

To ensure that the phase is continuous, the following conditions must be met: 

 ὦ ὍὗȠ •
“

ς
ρ  Ὅ  (2.18)  

 ὧ Ὠṥὧ  (2.19)  

 ὦ
“Ὧ

ς
•   

 ὦ
“Ὧ

ς
•   
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Or 

By substituting, ὦ and •  with Ὅ and ὗ  in Equation (2.18). 

 

It was shown in Equation (2.14) that when ὑ is an even number, Ὅ equals to Ὅ .  

The conditions are obviously met if ὗ ὗ . When ὗ ὗ , i.e. ὗ ὗ , 

the conditions above can be written as 

ὯὍὗ ςϳ is an integer as Ὧ is even. The above conditions are met for any integer 

value of ὯὍὗ ςϳ . Similar proof could be applied to odd number Ὧ.  

 

It was also shown during the proof that •  depends on the value of • , and the 

relationship of ὦ  and ὦ. 

 

2.3.2 MSK viewed as a CPFSK format 

MSK can be viewed as a special case of Continuous Phase Frequency Shift Keying 

(CPFSK) format with modulation index of 0.5 [34]. The name Minimum Shift Keying 

implies the minimum frequency separation that allows two FSK signals to be 

coherently orthogonal.  

 

A CPFSK signal in the interval of ὑὝ ὸ ὑ ρὝ can be given: 

 ὦ
“Ὧ

ς
• ὦ

“Ὧ

ς
• άέὨ ς“  

 Ὅ ὗ
“Ὧ

ς

“Ὅ

ς
Ὅὗ

“Ὧ

ς

“Ὅ

ς
άέὨ ς“  

 Ὅὗ
“Ὧ

ς
Ὅὗ

“Ὧ

ς
άέὨ ς“  

 
ὯὍὗ
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“

ὯὍὗ

ς
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where Ὤ is called the modulation index, ὦ ρ is the Ὧth data bit. The second 

term in the square parentheses represents a linearly changing phase, and the third 

term represents the accumulated phase. During interval ὑὝ ὸ ὑ ρὝ, a 

phase change of “Ὤὦ is introduced. Dividing the absolute value of phase change by 

ς“Ὕ, the frequency deviation ЎὪ can be given as ὬςὝϳ . The corresponding signalling 

frequencies are Ὢ Ὢ ὬςὝϳ . The constant frequency spacing is: 

 

For coherent demodulation of FSK, Ὢ and Ὢ have to be chosen so that Ὓ ὸ and 

Ὓ ὸ are orthogonal to each other. The following condition must be met: 

This requires that ЎὪ ά τὝϳ , where m is an integer. The minimum frequency 

separation ςЎὪ for orthogonality between Ὢ and Ὢ is ρςὝϳ  when ά ρ, which 

corresponds to a modulation index Ὤ of 0.5. Equation (2.21) becomes:  

The third term in Equation (2.24),  В ὦ, is the accumulated phase of Ὓὸ. It can 

be proven from Equation (2.20) that  В ὦ equals to •  defined in Equation 

(2.18). Hence, Equation (2.24) is the same as the MSK signal in Equation (2.17). MSK 

is a special form of CPFSK with the minimum frequency separation to remain 

orthogonal between the two signals.  

 

The accumulated phase is the additional phase offset needed to guarantee a 

continuous phase for MSK signal. Optical MSK signal can be generated as a variation 

 

Ὓὸ ὃὩὼὴὮς“Ὢὸ
“Ὤὦ ὸ ὑὝ

Ὕ
“Ὤ ὦ  

ὑὝ ὸ ὑ ρὝ 

(2.21)  

 ςЎὪ Ὢ Ὢ
Ὤ

Ὕ
 (2.22)  

 Ὓ ὸὛ ὸὨὸπ (2.23)  

 Ὓὸ !ÅØÐὮς“Ὢὸ ὦ
“ὸ

ςὝ

“

ς
ὦ ȟὑὝ ὸ ὑ ρὝ (2.24)  



21 
 

of FSK signal by applying the required phase offset control at bit transition points [35, 

36].   

 

2.3.3 Phasor representation 

Unlike DPSK or DQPSK, the carrier phase of MSK changes continuously, rather than 

only taking two or four distinct values. During one symbol time, the carrier phase can 

either decrease or increase by an amount of 90 degrees. As can be seen from Figure 

2-4 (a), the phase changes from one point to an adjacent point, while the amplitude 

remains the same. As can be seen from the constellation diagram, the symbol could 

only change to adjacent symbols, eliminating the possibility of a ̄ phase jump. If we 

sample the MSK signal at the grey point in Figure 2-4, and work out the phase 

difference between consecutive symbols, we can get a phasor diagram as shown in 

Figure 2-4. There are only two distinct phase differences that can be obtained, 90 

degrees or -90 degrees, which convey bit ά1έ and bit ά-1έ respectively. 
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Figure 2-4 (a) Constellation diagram of MSK signal. (b) Phase difference between consecutive 

symbols. 
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2.4 Development of MSK transmitters 

 

In the 1980s research [37] began on the application of MSK in optical transmission 

and continued into the early 1990s [38]. As optical amplifiers were not available at 

that time, coherent detection of MSK signals were the leading scheme to improve 

receiver sensitivity [37, 38], allowing for longer spans. After 2001, as advanced 

modulation formats began to be extensively investigated to mitigate nonlinearities 

and increase spectral efficiency, MSK was also tentatively studied in terms of 

dispersion tolerance [5, 39-41], nonlinearity resilience [40-42], and potential 

application in WDM systems [30, 43, 44].  

 

Optical MSK signals were first generated by direct modulation on a laser diode (LD) 

[37, 38] around the 1990s. The modulation rate was limited by the LD frequency 

modulation bandwidth [40], with a typical value less than several GHz. Furthermore, 

the non-uniformity of frequency response of a laser and the induced amplitude 

modulation (AM) degrades the performance of optical MSK transmission systems [38] 

In order to employ MSK signal in modern optical transmission system with data rates 

of 40 Gb/s and beyond, external high speed MSK transmitters need to be developed.  

 

A few research groups around the globe have been working on designing and 

building external MSK modulators with different approaches since 2003. Depending 

on whether MSK is viewed as Continuous Phase Frequency Shift Keying (CPFSK) with 

a minimum frequency spacing, or QPSK with offset sinusoidally weighted pulses [1], 

external MSK modulators can be classified as two main categories as shown in Figure 

2-5.  
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Figure 2-5 Classification of MSK transmitters 

 

2.4.1 Externally modulated MSK transmitters based on frequency 

shift keying 

The first category of external MSK modulators are based on the frequency shift 

keying nature of MSK and are usually derived from modifying FSK modulators. The 

key feature is that the incoming data stream directly drives the FSK modulator [35], 

[36]. Sakamoto et al. [36] proposed one of the first external MSK modulators in 2005 

by modifying an FSK modulator. The proposed external MSK modulator comprised of 

a lithium niobate (LiNbO3) FSK modulator and a phase control modulator. The binary 

FSK modulator operated with a narrow frequency deviation of ὄτϳ  (ὄ is the 

modulation rate), which is the minimum value to keep the upper and lower 

frequencies orthogonal. At the same time, a cascaded phase control modulator was 

used to guarantee continuous phase by correcting the possible ʌ phase jumps during 

some of the symbol transitions. It was reported that a 10 Gb/s MSK signal was 

generated with a 15 GHz main lobe bandwidth and a 20-dB side lobe suppression 

ratio. This design of an MSK transmitter was more recently used by Huynh and Binh 

in their simulation study of an MSK transmission systems [45, 46]. Although optical 
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MSK signals were successfully generated, this scheme of MSK transmitter has to 

make use of two cascaded modulators: an FSK modulator and a phase control 

modulator. Moreover, the calculation of the correction phase and the 

synchronization between the two modulators all add to the complexity of this 

scheme of MSK transmitter. 

 

2.4.2 Externally modulated MSK transmitters based on phase shift 

keying 

The other category of external MSK modulators are based on the phase shift keying 

nature of MSK. They can be constructed by modifying existing FSK modulators [44], 

or Quadrature Phase Shift Keying (QPSK) modulators [5, 39-42, 47], or designing a  

dedicated MSK modulator [48]. Compared to the first category, MSK transmitters of 

this kind may not need extra phase control modulators. As a result, the construction 

of external MSK modulators are simplified and costs are reduced. The optical MSK 

signal is generated by combining its in-phase component and the orthogonal 

quadrature component. The key features of the second category MSK modulators 

include splitting the incoming data into in-phase and quadrature data, sinusoidal 

weighting of the two components (pulse shaping), and creating offset between the 

two components. Please note, the terms άpulse shapingέ and άamplitude weightingέ 

in this thesis are interchangeable. 

 

In theory, the two staggered components of an MSK signal are sinusoidally weighted. 

The pulse shaping is usually performed by driving a Mach-Zehnder modulator (MZM) 

with RF clock signals. As the field transmission function of MZM is sinusoidal, a 

periodic triangular RF driving signal is needed to weight the optical field sinusoidally. 

Whereas in practice, a sinusoidal RF driving signal is often used to drive the MZM 

instead of a periodic triangular RF driving signal is hard, if not impossible, to 

generate with electronics at GHz rates, due to its high harmonic content. As a result, 

the amplitudes of constructing components of an MSK signal are weighted in semi-

sinusoidal shapes. Pulse shaping is a very important aspect of the MSK signal and is 

related to the properties and pre-coding schemes of MSK signals. 
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Most of the studies of MSK transmitters belong to the second category of MSK 

transmitters. Based on the type of pulse shaping, they can be further classified into 

three sub-categories: Separate Pulse Shaping (SPS) MSK modulator, which uses a 

further exclusive MZM to perform pulse shaping for both branches; Direct Pulse 

Shaping (DPS) MSK modulator, which uses one MZM to perform pulse shaping and 

data imprinting at the same time for each branch; and Independent Pulse Shaping 

(IPS) MSK modulator, where each branch has its own independent MZM to perform 

pulse shaping. 

 

Separate Pulse Shaping (SPS) MSK modulators 

SPS MSK modulators are similar in design compared to the first category of external 

MSK modulators, as they also consist of two modulators in a cascade. Instead of 

combining a phase control modulator and an FSK modulator, SPS MSK modulators 

comprise a pulse shaping modulator and an offset QPSK modulator. Mo, Dong et al. 

constructed the first SPS MSK modulator in 2005 [39, 47]. The demonstrated MSK 

transmitter comprised an MZM as the pulse shaping modulator and an offset QPSK 

modulator based on Planar Lightwave Circuit-LiNbO3 (PLC-LN) hybrid integration 

technology. The offset between the in-phase and quadrature components was 

introduced by a delay line built in one branch of the offset QPSK modulator. An MSK 

signal operating at 10.7 Gb/s was achieved with a Back-to-Back (BTB) receiver 

sensitivity of -27 dBm [47] and -32 dBm [39] respectively at a BER of 10-9. This design 

of MSK transmitters was also used in the simulation work by Mo, Dong et al. [5, 40, 

41] and Chen, Dong et al. [49-51] to study the properties of MSK signals. The major 

drawback of SPS MSK modulators lies in the built-in delay line, which fixes the 

modulation rate. Furthermore, the mismatch between the fixed delay time and the 

actual pulse duration can cause major degradation to MSK performance, such as a 

reduced nonlinearity tolerance [5, 40]. 

 

Direct Pulse Shaping (DPS) MSK modulators 

Unlike the complex cascade design of the first category of external MSK modulators 

and SPS MSK modulators, DPS and IPS MSK modulators are often single-stage 
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modulators. DPS MSK modulators are even simpler as they use the same MZM to 

perform pulse shaping and data imprinting and are usually based on two MZMs in 

two arms, similar to DQPSK modulators. The trade-off is the additional electrical 

processing in order to carry both the pulse shaping RF clock signal and the data 

stream signal. Additionally, the driving signal of one branch has also to be delayed to 

create the offset between the two components. Ohm & Speidel [52] first proposed a 

DPS MSK modulator in 2003 and tested the MSK signal in simulation. They proposed 

a new encoding scheme which combined the pulse shaping RF clock signal and data 

stream by adding these two signals together. The binary data stream carried a 

voltage of ὠ for mark and a voltage of π for space, where ὠ was the voltage for a ʌ 

phase change in an MZM modulator. After addition, the sinusoidal wave would be 

flipped for mark symbols and remain the same for space symbols. Huynh and Binh [4] 

followed OhmΩs approach of transmitter and encoder design in studying the 

performance of optical MSK systems by simulation.  

 

Dong et al. [53] constructed the first DPS MSK modulator in 2006, after building an 

SPS MSK modulator in 2005 [39, 47]. Instead of combining the pulse shaping RF clock 

signal and the data stream to create the driving signal, Dong processed the data 

stream into a sinusoidally weighted bipolar signal with a low pass filter. Though this 

signal processing scheme saves an RF clock signal source, it should be noted that the 

filtered data signal is only a rough approximation to a sinusoidal signal. A 16 Gb/s 

MSK signal was generated; however, it had a worse BTB receiver sensitivity of 

around -20 dBm compared to the previous -32 dBm [39] at a BER of 10-9. In 2008 

Rohde [29] proposed to multiply the pulse shaping RF clock signal with bipolar data 

streams in the driverΩs signal processing. A 10 Gb/s MSK with a receiver sensitivity of 

-36.5 dBm (at a BER of 10-9) and a 20-dB bandwidth of 13 GHz was successfully 

demonstrated for long haul transmission.  

 

Independent Pulse Shaping (IPS) MSK modulators 

IPS MSK transmitters perform pulse shaping and data imprinting separately. This 

may increase the complexity of transmitter design, yet save the driving signal 

processing as in DPS MSK transmitters. Sakamoto et al., the group that developed 
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the first category external MSK modulator, moved on to the IPS MSK modulators in 

2008 [44]. They modified the FSK modulator into a άdual-driveέ modulator by 

inserting electrodes into both branches. Thus the component in each branch can be 

weighted by its own pulse shaping modulator and imprinted with data via its own 

electrode. A 10 Gb/s MSK signal was achieved using this scheme. In 2009 the same 

research group proposed another IPS MSK modulator which integrates two cascaded 

MZMs in either branch ς a total of four MZMs were integrated in a single LiNbO3 

plate [48]. In this way, either branch has its own independent pulse shaping 

modulator and data modulator. A 20 Gb/s MSK was successfully generated using this 

scheme with a receiver sensitivity of around -34.5 dBm at a BER of 10-9. The 20-dB 

bandwidth of the generated signal was around 25 GHz, which was slightly wider than 

a 10 Gb/s DPSK signal. In the same year, an 80 Gb/s MSK signal was generated [30].  

 

2.4.3 Summary 

Table 2-1 summarizes the development of external MSK transmitters over recent 

years. To the best of ŀǳǘƘƻǊΩǎ knowledge, there is an absence of literature in the field 

of external MSK transmitters since 2011.  

 

Please note the ones with a grey background were demonstrated by experiments, 

and the rest were simulational results. It is worth mentioning that all the MSK 

transmitters demonstrated in the experiments summarized in this table used 

sinusoidal RF clock signals in MZM to perform pulse shaping. Though there have not 

been many studies in external MSK transmitters, as we can see from above, they 

vary substantially from the structure, electrical processing to the encoding of the 

data stream. Ohm [52], Sakamoto [48], Dong [53] and Mo [40] explained the 

operating and construction principles of MSK transmitters individually from the view 

of their own design.  
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Year Authors Bit Rate 
Experiment
/ Simulation 

Material/ Software 
Electrical 

processing 
Type 

Single 
stage 

Pulse 
Shaping 

2003 Ohm & Speidel 10 Gb/s Simulation N/A Yes DPS Yes Sinusoidal 

2005 Sakamoto et. al 10 Gb/s Experiment 
LiNbO3 FSK modulator + 

PSK modulator 
No Category 1 No CSRZ 

2005 Mo, Dong et. al 10.7 Gb/s Experiment 
MZ modulator + PLC-LN 
hybrid OQPSK modulator 

No SPS No CSRZ 

2006 Huynh & Binh 40 Gb/s Simulation SIMULINKTM No Category 1 No 
Sinusoidal, 
RZ50, CSRZ 

2006 Dong et. al 16 Gb/s Experiment N/A Yes DPS Yes CSRZ 

2007 Mo, Dong et. al 10.7 Gb/s Simulation VPItransmissionMakerTM No SPS No 
CSRZ, 

Sinusoidal 

2007 Chen, Dong et. al 10 Gb/s Simulation VPItransmissionMakerTM No SPS No CSRZ 

2007 Huynh & Binh 40 Gb/s Simulation SIMULINKTM Yes DPS Yes 
Sinusoidal, 
RZ50, CSRZ 

2008 Rohde et. al 10 Gb/s Experiment N/A Yes DPS Yes CSRZ 

2008 Sakamoto et. al 20 Gb/s Experiment LiNbO3 No IPS Yes CSRZ 

2009 Lu, Sakamoto et. al 80 Gb/s Experiment LiNbO3 No IPS Yes CSRZ 

2009 Rohde et. al 10 Gb/s Simulation VPItransmissionMakerTM Yes DPS Yes CSRZ 

2011 Li et.al 100 Gb/s Simulation VPItransmissionMakerTM No IPS Yes 
Imbalanced 
RZ33 & CSRZ 

Table 2-1 Chronological Summary of external MSK transmitter development. Grey background stands for experimental results. 
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There is a lack of comparison and analysis of the various types of MSK transmitters, 

proposed by different authors along the time. While these external MSK transmitters 

might seem to be very different in design and construction, they all share some 

essential features and have some key functional components in common. A 

systematic review of how these essential MSK features are realized with the 

common optical components is important in evaluating different MSK transmitters 

and guiding future MSK transmitter design.  

 

There is also a lack of explanation of how the pre-coding scheme is related to the 

pulse shaping methods. Traditional MSK signals using alternating sinusoidal pulse 

shaping employs the exclusive or (XOR) pre-coding scheme. However, there are 

cases where alternative pulse shaping methods are used [52, 53], hence the pre-

coding scheme should be changed accordingly. 

 

Further work is needed to examine the underlying properties of different external 

MSK transmitters with limiting factors. There have been some general and simple 

comparisons between the transmitters due to their intrinsic designs. For instance, 

DPS MSK transmitters need extra driving signal processing, SPS MSK transmitters 

have a fixed transmission rate, and IPS MSK transmitters are generally more complex 

to construct. However, quantitative comparisons of the impact of the following 

impairments in the external transmitters are still absent: 

 

1. Extinction Ratio of MZM. Low extinction ratio and extinction ratio imbalance 

between arms could cause amplitude fluctuation and thus compromise the 

quality of generated MSK signals [53].   

2. The effects of laser phase noise on different MSK transmitters. 

3. Misalignment between the pulse shaping RF clock signal and the data stream 

signal. 

 

These factors need to be carefully compared to decide which transmitter is superior 

in what aspects and to what extent, in order to settle the open debate of the 

optimum MSK transmitter. 
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2.5 Development of MSK receivers 

 

The demodulation of MSK signals can be performed using self-coherent schemes [47, 

49, 52, 54], incoherent schemes [55-59] and coherent schemes [60, 61]. The most 

common and economic demodulation scheme for MSK is self-coherent 

demodulation, or optical delay demodulation. A self-coherent receiver uses a 

delayed replica of the signal instead of a Local Oscillator and usually consists of an 

MZ delay interferometer (DI) and a balanced receiver [52]. MSK receivers detect the 

phase difference between consecutive symbols and then convert the phase 

difference into electrical voltages. Regardless of the pulse shaping methods, the 

ǇƘŀǎŜ ŘƛŦŦŜǊŜƴŎŜ ƛǎ ŜƛǘƘŜǊ Ҍˉκн ƻǊ - ˉκнΣ ǿƘŜǊŜƛƴ ǘƘŜ Ҍˉκн ǇƘŀǎŜ ŎƘŀƴƎŜ ǎǘŀƴŘǎ ŦƻǊ 

ōƛǘ άмέ ŀƴŘ ǘƘŜ - ˉκн ǎǘŀƴŘǎ ŦƻǊ ōƛǘ ά-мέΦ Like DPSK, the balanced receiver offers a 3-

dB receiver sensitivity improvement over OOK [9]. 

 

Binh and Huynh proposed incoherent demodulation by using two narrow band 

optical filters to differentiate the bits [55-59]. This is the demodulation scheme 

usually used in frequency shift keying systems. The authors claimed that the optical 

MSK frequency discrimination receiver offered improvement of receiver sensitivity 

and a large tolerance of residual dispersion [56-59]. However, this scheme is not 

practical to implement for two reasons. Firstly, the frequency deviation of an MSK 

signal is the smallest of all FSK formats. Thus the filters have to be very narrow-band, 

which will introduce inter-symbol interference. Secondly, a conventional MSK signal 

with a constant frequency deviation over the duration of one symbol is impractical 

to generate. Real MSK signals generated are weighted by semi-sinusoidal waves and 

the instantaneous frequency changes within a symbol.  

 

Coherent demodulation of MSK was the main scheme back in the 1980s and has 

been revisited lately [60-62], due to its potential to mitigate ASE noise and greatly 

increase receiver sensitivity in high speed amplified MSK system. An experiment 

carried out in 2010 demonstrated the demodulation of a 10-Gb/s MSK signal using a 

synchronous heterodyne method [60]. A later report showed that asynchronous 
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heterodyne demodulation of MSK signal offered better tolerance towards local 

oscillator (LO) frequency offset, with a slightly worse performance [61]. However, 

further work is needed to compare the performance between self-coherent 

demodulation and coherent demodulation methods, in areas such as nonlinear 

phase noise resilience. 

 

2.6 Performance of direct-detection MSK systems 

 

The continuous phase and constant amplitude of MSK leads to a compact power 

spectrum and a high side-lobe suppression ratio, compared to other binary 

modulation formats. This characteristic has been demonstrated in experiments by 

Rohde [29], Lu [30], Sakamoto [35, 36], Mo [39, 40] and Yi [53] and simulations by Lu 

[48], Ohm [52] and Hachmeister [63], regardless of the different transmitters and 

various pulse shaping methods2 used in generating MSK signals. MSK retains the 

same receiver sensitivity as DPSK [9], yet exhibits a compact spectrum comparable to 

that of DQPSK. Therefore, it is believed that MSK is a good compromise between 

DPSK and DQPSK, as it exhibits advantages from both formats. As a binary 

modulation format, MSK is more tolerant towards frequency offset between the 

laser and the delay interferometer than DQPSK, and even DPSK [51].  

 

In the limited research work, MSK has been tentatively studied and compared with 

other differential PSK modulation formats on aspects such as receiver sensitivity, 

dispersion tolerance and performance in DWDM systems. Nonlinearity effects have 

also been studied as it is often a limiting factor for high-speed optical systems [10]. 

The nonlinear transmission of phase modulation formats is affected mainly by 

nonlinear phase noise induced by Gordon-Mollenaur effects [64] (at 10 Gb/s), and by 

IFWM [10] (at 40 Gb/s). It was found that the characteristics of MSK signals were 

also heavily dependent on the pulse shaping [4, 40, 41].  
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Figure 2-6 Dispersion tolerance of MSK signal 

(a) Simulation by Mo [41], compared at 2 dB OSNR penalty at 10.7 Gb/s; (b) Experiment by Mo 

[5], compared at 1 dB power penalty for a BER of 10-9
 at 10.7 Gb/s; (c) Simulation by Chen at 40 

Gb/s [42]; (d) Simulation by Huynh at 40 Gb/s [4]. 

 

MSK is supposed to be more tolerant to chromatic dispersion over DPSK and OOK, 

due to its compact spectrum. Experimental and simulational studies have confirmed 

this assumption, as can be seen in Figure 2-6. Mo et al. [41] evaluated the dispersion 

tolerance of MSK and compared it with DPSK and OOK by simulation in 2005. In their 

simulation, the residual dispersion was adjusted by transmitting a 10.7 Gb/s MSK 

signal through a single span of single mode fiber (SMF) or dispersion compensation 

fiber (DCF). The launch power was controlled to eliminate nonlinear effects. The 

result, plotted in Figure 2-6 (a), showed that MSK exhibited a larger dispersion 

tolerance at a 2 dB OSNR penalty compared with DPSK and OOK. Mo et al.  later 

confirmed this simulation result by an experiment [5] with similar setups. The result 

reproduced in Figure 2-6 (b) showed that MSK had a larger dispersion tolerance 

(c) 

(a) (b) 

(d) 

10.7 Gb/s 10 Gb/s 

40 Gb/s 40 Gb/s 
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defined by a 1 dB power penalty among all three formats. Chen et al. [42] validated 

the improved tolerance of MSK over DPSK and OOK at a bit rate of 40 Gb/s, where 

chromatic dispersion effects scaled 16 times according to its bit rate quadratic 

nature [23]. Huynh pointed out that MSK exhibited a significant improvement of 

dispersion tolerance when optical frequency discrimination detection was used [56-

58]. The work mentioned above came to the same conclusion that MSK was more 

dispersion tolerant than DPSK and OOK, despite the different evaluating methods 

being used.  

 

The compact spectrum and high side lobes suppression also gains MSK advantages in 

DWDM systems. Firstly, MSK allows the channels to be spaced more closely than 

other binary modulation formats such as DPSK and OOK. Mo et al. [40, 41] proved 

that MSK had a lower power penalty towards linear crosstalk at high spectral 

efficiency (>0.35 b/Hz/s) compared with RZ-DPSK and RZ-OOK in a seven-channel 40 

Gb/s simulation. In addition, MSK is robust to filtering, which is a necessity for 

DWDM systems and optical add/drop multiplexers (OADMs). In an experiment [30], 

the bandwidth of 20 Gb/s optical MSK was reduced to around 21 GHz with a sharp 

roll-off filter, and the power penalty is merely 0.6 dB. In 2009 Rhode et al. [63] used 

simulations to evaluate the performance between MSK and DQPSK over a 10 Gb/s 

long haul transmission on a 12.5 GHz WDM grid. When both transmitter and receiver 

optical filtering was used, MSK appeared to have a better BER than DQPSK for a 

given distance in single channel and DWDM transmission, though the advantage was 

reduced for DWDM transmission. MSK could be a potential candidate for the 

promising 40 Gb/s per channel DWDM systems with 50 GHz channel spacing. 

However, an evaluation of 40 Gb/s per channel DWDM systems of MSK still remains 

to be performed. 

 

There have been a few studies comparing MSK with DPSK and OOK with respect to 

their resilience to fiber nonlinearity. Preliminary studies showed that MSK was more 

tolerance to nonlinear distortions than OOK and DPSK. Mo et al. [40] launched a 10.7 

Gb/s single channel over a 4 X 164 km fully compensated recirculating loop for the 

MSK, return-to-zero (RZ) DPSK and RZ-OOK formats and compared their resistance to 
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SPM effect. She demonstrated that both in simulations and in experiments that MSK 

had a larger optimum launching power than other formats.  Chen evaluated the 

nonlinearity tolerance of MSK operating at 40 Gb/s [42] and 10 Gb/s [50] 

respectively by simulation. In both simulations he showed that MSK had higher 

optimum launch powers than RZ-DPSK and RZ-OOK when fiber dispersions were at 

low levels, such as 2-4ps/(nm-km). He also pointed out that phase noise became a 

primary effect for MSK in large dispersion fiber systems [50]. However, the above 

findings were not convincing due to the approximations in the simulations. In MoΩs 

simulation, she turned off the amplified spontaneous emission (ASE) noise to focus 

on the self-phase modulation (SPM) effect. As a result, the potential limiting factorĺ

Gordon-Mollenauer nonlinear phase noiseĺwas omitted. Whereas in HanΩs 

simulation, matched optical and electrical filters for MSK receivers were not 

considered. In addition, the minimum BER obtained with optimum launching power 

of MSK, DPSK and OOK formats may differ substantially because of the differences in 

receiver sensitivity. Thus, a consistent comparison with respect to fiber nonlinearity 

resilience is needed.  

 

2.7 Review summary 

 

This chapter has provided a basis of optical communication principles on which the 

following chapters are developed. It also has summarized the development of optical 

MSK modulation format in optical communications and examines the gaps in current 

research. 

 

These will be evaluated in the following chapters with the help of the optical MSK 

communication simulation system developed based on the programming platforms 

of VPItransmissionMakerTM and SIMULINKTM.  
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Chapter 3 SIMULINK
TM
 and 

VPItransmissionMaker
TM
 Modules Modeling 

Used in MSK Systems 

 

The modelling and simulation of the MSK system is based on 

VPItransmissionMakerTM and SIMULINKTM. Both VPItransmissionMakerTM and 

SIMULINKTM provide visual programming development environments. 

VPItransmissionMakerTM is dedicated for modelling of optical systems, and therefore 

has plenty of optical modules and components and is used by researchers and 

developers worldwide. In addition, it is easy to build new components and test them 

in an optical system. On the other hand, SIMULINKTM is a general programming 

platform. Although basic blocks and communications block-sets are provided, nearly 

all the optical components need to be programmed, such as fibers and amplifiers. 

Generally speaking, VPItransmissionMakerTM is much more complete and well-tested 

than home-made models using SIMULINKTM, while SIMULINKTM is more versatile as 

all modules can be edited from inside out. 

 

The MSK transmitter and receiver modules are not provided in either platform. Thus 

the first step to study the performance of an MSK system is to build the transmitters 

and receivers. In this chapter common MSK transmitters and receivers are explained 

in detail, and their main impairments are analysed. The Mach-Zehnder modulator 

(MZM) is a very important component both in the transmitter and receiver, so the 

operating principles of MZM and its use as a pulse carver are discussed in the first 

section. In this thesis, the MSK transmitters are constructed by both on SIMULINKTM 

and VPItransmissionMakerTM with its operation and pre-coding mechanisms cross-

validated. However most of the results in Chapter 4 and Chapter 5 are obtained from 

the simulation systems built with VPItransmissionMakerTM.  
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3.1 Mach-Zehnder modulator (MZM) and Sinusoidal Pulse 
shaping of MSK transmitters 

 

Table 2-1 in Chapter 2 summarizes the external MSK modulators that have been 

developed and tested since Ohm [52] proposed the first one in 2003. Most of them 

are based on the phase shift keying nature of MSK, and thus has a similar design to 

offset QPSK (OQPSK) modulators.  

 

Both MSK and OQPSK modulation formats have a one-bit timing offset in the relative 

alignment of their in-phase and quadrature signal components. This offset ensures 

that only one component switches at a time.  

 

The biggest difference between MSK and OQPSK is the pulse shaping of the in-phase 

and quadrature phase optical components in MSK. The data stream of each 

orthogonal component of an MSK signal is modulated to have sinusoidal envelopes 

instead of the rectangular envelopes in OQPSK. When these shaped in-phase and 

quadrature components combined, a signal with constant amplitude and continuous 

phase results. Bearing this in mind, an OQPSK modulator can be modified into an 

MSK modulator by using an additional pulse shaping modulators. 

 

The pulse shaping is most often realized by Mach-Zehnder modulators (MZM) with 

an input of RF clock signals. As such, MZM is the most important component of an 

MSK modulator and it shall be modelled prior to the successful modelling of a full 

MSK modulator. 

 

3.1.1 Mach-Zehnder modulator (MZM) 

An MZM modulates the power of the incoming optical signal using the principle of 

interference. As shown in Figure 3-1, an input optical signal Ὁ ὸ was split by a Y 

branch into two parallel arms. Ideally the power splitting ratio of the Y branch is 0.5. 

The phases of the upper signal Ὁ ὸ and lower signal Ὁ ὸ are then modulated 

separately in the two arms. At the output of the MZM, the optical fields are coupled 



37 
 

and thus interfere with each other constructively or destructively to generate the 

desired pulsed optical field Ὁ ὸ.  

Ein(t) Eo(t)

E1(t)

E2(t)

V1(t)

V2(t) To fiber

electrodes

 

Figure 3-1 Structure of a Mach-Zehnder Interferometric modulator. 

 

The phase modulation in each arm is realized by employing the electro-optic effect 

in some special materials, typically Lithium Niobate (LiNbO3) [65]. The refractive 

index of Lithium Niobate changes in response to an applied electrical voltage. As a 

consequence, the phases of the propagating optical signals can be tuned by the 

applied voltage ὠ ὸ and ὠ ὸ. The strength of the electro-optical effect depends 

on the direction and amplitude of the applied electric field and the orientation of the 

LiNbO3 crystal. Assuming  ὠ is the voltage in need of a phase change of 180°, the 

optical fields in the two arms can be written as [11]:  

MZMs can be classified as single drive MZM or dual drive MZM depending on 

whether the driving voltage is applied to one arm or both arms.  

 

3.1.2 Single Drive MZM 

A single drive MZM has only one driving voltage applied to either of the arms. Thus, 

at the end of MZM, a phase modulated optical field 
Ѝ
Ὁ ὸὩὼὴ Ὦ“  combines 

with the other optical field 
Ѝ
Ὁ ὸ. This results in the output field Ὁ ὸ according 

to 

 Ὁȟ ὸ
ρ

Ѝς
Ὁ ÔÅØÐ Ὦ“

ὠȟὸ

ὠ
 (3.1)  
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The above equation shows that the input signal is modulated both in amplitude and 

phase. In other words, there is a chirping effect in the single drive MZ amplitude 

modulator. In terms of signal power, the transfer function is 

 

3.1.3 Dual Drive MZM 

In a dual drive mode, the two paths of the MZM are phase modulated with opposite 

phase shifts in a push-pull structure [9]. Driving voltage ὠ ὸ and ὠ ὸ are applied 

to the upper and lower arm respectively. The output field corresponding to Equation 

(3.1) is  

The parameter ὠ represents the combined ὠ of the two phase modulators in the 

two arms. After taking out the common factor ÅØÐʌ ʒ ʒ  in 

the right two parts, Equation (3.4) can be re-written as 

If the two driving voltages are arranged in a way, so that ὠ ὸ  ὠ ὸ and 

• • , this operation of the dual drive MZM is called the άpush-pull modeέ. As 

can be seen from Equation (3.5), MZM operating in the push-pull mode completely 

eliminates time dependent phase modulation, i.e. the chirping effect.  This leads to 

 

Ὁ ὸ  ρ ÅØÐὮ“   

Ὁ ὸ ÅØÐὮ“ ÅØÐὮ“ ÅØÐὮ“   

Ὁ ὸ Ὁ ὸÃÏÓ“ ÅØÐὮ“   

(3.2)  
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The power transfer function for push-pull MZM is 

Compared to single drive MZM,  ὠ is reduced by half. This can be explained by the 

following figure. 

 

Figure 3-2 MZM amplitude modulation. (a) single drive MZM (b) dual drive MZM.  

 

A closer examination shows that in both cases the amplitude of the output optical 

field Ὁ ὸ is determined by two factors: the amplitudes and relative phase (vector 

angles) of Ὁ ὸ and Ὁ ὸ. In the case of ideal MZM extinction ratio, the amplitudes 

of Ὁ ὸ and Ὁ ὸ are the same. This leaves the relative phase between Ὁ ὸ and 

Ὁ ὸ as the only variable determining the amplitude of output optical fields. For a 

fixed applied voltage, the relative angle in dual drive MZM mode is twice as large 

than in single drive MZM mode, thus halving the amplitude of required ὠ. 

 

3.1.4 Sinusoidal pulse shaping 

The MZM for pulse shaping should be operated in push-pull mode, as it eliminates its 

time dependent phase modulation and halves the required drive amplitude.  From 

Equation (3.6) and Equation (3.7), we can illustrate the transmission curves of a dual 

drive MZM. The solid blue line and dashed black curves apply for optical field and 

power respectively.  
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Figure 3-3 Optical field and power transmission as a function of drive voltage. 

 

As we can see from Figure 3-3, in order to generate a sinusoidally weighted optical 

field, the driving voltage Ὠ ὸ must be a triangular wave. Additionally, the MZM 

modulator has to be biased at  ὠȾς to generate both positive and negative 

weighting. Suppose the incoming optical signal is Ὁ ὸ ὉÅØÐὮς“Ὢὸ, then the 

output optical field Ὁ ὸ is depicted by Figure 3-4 and is given by 

T 5T 9T 13T 17T

Periodic Triangular Driving Current, with 0.5V́  bias

(a)
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0
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-A
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T 5T 9T 13T 17T
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Figure 3-4 Full-period sinusoidal pulse shaping. (a) Driving voltage. (b) Generated optical field. 
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For a positive cosine envelope, the drive voltage has to rise linearly from πȢυὠ to 

πȢυὠ or fall vice versa and the MZM modulator is biased at null. The output optical 

field is given by Equation (3.9) 

Figure 3-5 depicts the periodic triangular driving voltage and the generated optical 

field.  

(a)
0 4T 8T 12T 16T

-0.5Vˊ

(b)
0 4T 8T 12T 16T

A

-A

Half-Period Sinusoidally Weighted Optical Field

0.5Vˊ

 

Figure 3-5 Half-period sinusoidal pulse shaping. (a) Driving voltage. (b) Generated optical field. 

 

3.1.5 Modelling of MZM 

VPITransmissionMakerTM has its own MZM module. In contrast, SIMULINKTM does 

not have a readily available MZM module; hence a MZM block using available basic 

blocks is modelled as an essential component of MSK modulators. 

 

The structure of a dual drive MZM block is shown in Figure 3-6. It can be seen that 

the MZM block has two input ports and one output ports. The two input ports are 

for the incoming optical signal and the electrical modulating signal. The block 

outputs the corresponding modulated optical signal.  The biased voltage of the MZM 

can be set in the initialization document of the MSK system. 
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Figure 3-6 Structure of a dual drive MZM with SIMULINKTM 

 

3.2 Modelling of external MSK modulators 

In this section, simulation models of external MSK transmitters based on phase shift 

keying are built with VPItransmissionMakerTM and SIMULINKTM, including the 

following three sub-categories: 

 

1. Direct pulse shaping (DPS) MSK modulator, where a single MZM is used to 

perform pulse shaping and data imprinting in each branch. 

2. Separate pulse shaping (SPS) MSK modulator, where a single MZM is used to 

perform pulse shaping for both branches. 

3. Independent pulse shaping (IPS) MSK modulator, where each branch has a 

second MZM to perform pulse shaping.  

 

For all three modulator schemes, the incoming data is encoded, interleaved, and 

demultiplexed into the in-phase data Ὅὸ and quadrature data ὗὸ. 
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3.2.1 Direct Pulse Shaping (DPS) MSK Modulator  

A DPS MSK modulator consists of two MZMs, one in either arm. Pulse shaping is 

performed directly with data imprinting on the same MZM at the same time. Thus, 

the driving signal of either branch has to be subjected to additional electrical 

processing to carry both the pulse shaping RF clock signal and the data stream signal.  

 

Figure 3-7 shows the structure of the DPS MSK modulator. The optical field is first 

split into two arms. After that, the optical field is modulated by MZM1 and MZM2 

respectively. An additional πȢυʌ phase shift is applied to the lower arm to make the 

two components orthogonal to each other. The MZM driving signal is produced by 

combining the base RF clock signal and the data signal by addition [52] or 

multiplication [29].  

MZM1

MZM2

CW
Laser

CW
Laser

MSK Signal

Quadrature-
phase data Q(t)

In-phase data

RF source 1

Add or 
multiply

- /̄2- /̄2

Phase shift

RF source 2

T
Delay

Phase-modulated 
RF

Add or 
multiply

Phase-modulated 
RF

 I(t+T)

 

Figure 3-7 Structure of a Direct Pulse Shaping MSK modulator. 

 

Addition 

The data stream signal has a voltage level of 0 ǿƘŜƴ ǘƘŜ Řŀǘŀ ƛǎ ά1έ and 6 when the 

Řŀǘŀ ƛǎ ά0έ. Thus data ά1έ will leave the optical field phase unchanged, and data ά0έ 

will produce an instant ̄  phase change. It should be noted that the data signal does 
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not affect the optical field weighting, as the cosine envelope only flips from the 

positive side to the negative side (or vice versa).  

Similarly, the output electric field of the lower path modulator is given by 

The combined output of the modulator is 

 

Multiplication 

When MZM is biased on ὠȾς, as can be seen from Figure 3-3, a linear voltage 

change of ά0 -> 6Ⱦς -> 0έ produces a negative cosine envelope and a linear voltage 

change of ά0 -> 6Ⱦς -> 0έ produces a positive cosine envelope. Therefore, the 

data information can be combined to the pulse shaping RF clock signal by multiplying 

with bipolar data streams. 

Similarly, the output electric field of the lower path modulator is given by 
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The combined output of the modulator is 

 
The DPS modulator have been modelled with VPITransmissionMakerTM and 

SIMULINKTM, as shown in Figure 3-8 and Figure 3-9 respectively. The DPS 

SIMULINKTM modulator makes use of the MZM modulator modelled in the previous 

section.  

 

Both models assume a laser wavelength of 1550 nm (with a corresponding center 

frequency of ρωσȢρ ρπ Hz), and a pseudorandom binary sequence (PRBS) as the 

incoming data. Due to the use of different modelling software, the two DPS 

modulators have a few differences:  

 

¶ In VPITransmissionMakerTM, an existing laser module is used. The laser 

linewidth is assumed at 10 MHz, which is used for other types of MSK 

modulators and simulations all through this thesis. 

¶ In SIMULINKTM, the laser module is approximated with a constant value. The 

effects of laser linewidth in simulation are neglected.  

¶ In VPITransmissionMakerTM, the extinction ratio of MZM (details of extinction 

ratio is explained in Chapter 5.1) is set at 20 dB. 

¶ In SIMULINKTM, the MZM is simplified without taking into consideration of 

the effects of extinction ratio. 
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It can be seen the MSK modulators modelled with VPITransmissionMakerTM is more 

sophisticated than the one modelled with SIMULINKTM. As such, the SPS and IPS MSK 

modulators in the next section are modelled only with VPITransmissionMakerTM. 

 

Figure 3-8 Direct Pulse Shaping MSK modulator by VPItransmissionMakerTM. 

 

Figure 3-9 Direct Pulse Shaping MSK modulator by SIMULINKTM 
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3.2.2 Separate Pulse Shaping (SPS) MSK Modulator 
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Figure 3-10 Structure of a Separate Pulse Shaping MSK modulator. 

 

Figure 3-10 shows the structure of an SPS MSK modulator which consists of a pulse 

shaping modulator (MZM1) and an OQPSK modulator. The SPS MSK modulator 

performs pulse shaping and data imprinting in two stages: a separate MZM is used to 

weight the optical fields for both the in-phase and quadrature components. The 

phase difference of the two components is realized by a delay module in one of the 

arms. When driven by a periodic triangular RF source Ὠ ὸ, MZM1 modulates the 

incoming optical signal ὉÅØÐὮς“Ὢὸ according to Equation (3.8) which is 

reproduced below: 

The modulated optical field is then split into the upper branch and lower branch. 

After being delayed by one bit period, the in-phase signal modifies the upper branch 

according to  

Ὅᴂὸ is converted from the in-phase data Ὅὸ and belongs to πȟς6. When 

Ὅὸ ρ, the corresponding Ὅᴂὸ π and the output electric field will leave 
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unchanged; whenὍὸ ρ, the corresponding Ὅᴂὸ ς6 and the output electric 

field will have a phase jump of 180°.  Thus Equation (3.13) becomes 

Similarly, the output electric field of the lower path modulator is given by 

The combined output of the modulator is 

This is the same as the mathematical expression of the MSK signal in Equation (2.14). 

The Separate Pulse Shaping MSK modulators were constructed by integrating a 

Planar lightwave circuits and LiNbO3 (PLC-LN) [39, 40, 47]. The major drawback of 

this kind of transmitter is the built-in delay line within the modulator, which fixes the 

modulation speed. Furthermore, the mismatch between the delay times might cause 

major distortion to the MSK performance, such as nonlinearity tolerance [5, 40].  

 

The structure of SPS MSK modulator modelled with VPITransmissionMakerTM is 

shown in Figure 3-11.  
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Figure 3-11 Separate Pulse Shaping MSK modulator by VPItransmissionMakerTM 

 

3.2.3 Independent Pulse Shaping (IPS) MSK Modulator  
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Figure 3-12 Structure of Independent Pulse Shaping MSK modulator. 

 

The Independent pulse shaping modulator is also called quad MZMs MSK modulator 

as it uses four MZMs [30, 66], two in each arm. Figure 3-12 shows the structure of an 

independent PS MSK modulator. The pulse shaping is performed separately in each 

arm by MZM1 and MZM2, eliminating the use of a built-in delay line, as the offset 
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can be applied in the electrical circuit. An 80 Gb/s MSK signal was successfully 

generated using an IPS MSK modulator in 2010 [30].  

The lower part 

The combined output of the modulator is 

The structure of IPS MSK modulator modelled with VPITransmissionMakerTM is 

shown in Figure 3-13.  

 

Figure 3-13 Independent Pulse Shaping MSK modulator by VPItransmissionMakerTM.
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3.3 Modelling of MSK Receivers 

 

MSK receivers detect the phase difference between consecutive symbols. The phase 

ŘƛŦŦŜǊŜƴŎŜ ƛǎ ŜƛǘƘŜǊ Ҍˉκн ƻǊ - ˉκнΣ ǿƘŜǊŜƛƴ ǘƘŜ Ҍˉκн ǇƘŀǎŜ ŎƘŀƴƎŜ ǎǘŀƴŘǎ ŦƻǊ ōƛǘ άмέ 

and the - ̄ κн ǎǘŀƴŘǎ ŦƻǊ ōƛǘ ά-мέΦ MSK receivers can be classified into three categories: 

incoherent receiver [4, 57-59], self-coherent receiver [29, 47, 51, 63, 67] and 

coherent receiver [60, 61]. Incoherent demodulation uses two narrow band optical 

filters to differentiate the bits [56, 59]. This straightforward theory is however hard 

to implement because of the limits of optical filters. A coherent receiver uses a local 

oscillator (LO) to mix with the received signal to retrieve the transmitted data. The 

principle of the self-coherent receiver is similar to coherent receivers but a replica of 

itself is used in replacement of an LO. Therefore the self-coherent receiver is also 

called an optical delay receiver. In practice, self-coherent and coherent MSK 

receivers are commonly used. 

  

3.3.1 Optical delay receiver 

The most common type of MSK receivers is the optical delay demodulation receiver. 

This kind of MSK receiver compares the phase difference of two consecutive symbols 

in the optical domain, and converts the encoded phase to direct-detectable 

amplitude. It usually makes use of a Mach-Zehnder delay interferometer (MZDI), 

combined with a balanced receiver [52], as shown in the schematic drawing Figure 3-

14. The MZDI consists of two 3-dB couplers as input and output ports with two arms 

in between. The two arms differ in lengths, such that the signal in the longer arm is 

delayed by exactly one symbol [6] compared to the other arm. The path length of 

the DI can be fine-tuned for proper interference using either an integrated thermal 

heater or, in the case of a fiber-optic realization, also by means of a piezoelectric 

transducer (PZT) [68]. The use of a balanced receiver can provide a 3 dB 

improvement over OOK signals [9], and at the same time eliminating the DC 

component [9].  
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Figure 3-14 Basic structure of self-coherent MSK receiver. 

 

Assuming the received optical signal has a power of ὖ and phase of ‰ὸ. The 

electric field can be written as  

where ‰ὸ equals to ὦ •  within ὑὝ ὸ ὑ ρὝ, as defined in Equation 

(2.18). ‰ὸ is continuous and changes linearly during the period of one symbol. 

Ὁ ὸ is first fed into an input port of a 3-dB coupler. The input and output 

relationship matrix of the 3-dB coupler is [11]: 

After Ὁ ὸ is split and fed into the two arms of the MZDI, the optical field in the 

upper arm is delayed by 4, while the optical field in the lower arm experiences a 

phase shift. At the end of the two arms, the electric fields become 

Ὁ ὸ and Ὁὸ are then fed individually into the two input ports of another 3-dB 

coupler. Two photodiodes at each branch convert the electric fields into 

photocurrents of 
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where 2  is the detector responsivity, and Ўה is the phase difference between the 

two arms of the MZDI which equals to ‰ὸ ‰ὸ Ὕ “ςϳ . The overall 

photocurrent of the balanced receiver is given by 

After passing an electrical low pass filter, Ὅ will be fed into the decision circuit. It is 

obvious that the amplitude of the current is determined by Ў‰. Thus it is important 

to find out the value of Ў‰ during the time interval ὑὝȟὑ ρὝ. As ‰ὸ

ὦ • , as defined before, ‰ὸ Ὕ ὦ • . Ў‰ can be 

expressed as  

According to the phase continuity principle of MSK as proved in Chapter 2, ‰ὸȿ  

should be the same as ‰ὸ Ὕȿ . Thus ὦ • ὦ

• , which can be rearranged to • • ὦ ὦ . Substituting this 

into Equation (3.30), Ў‰ becomes 

Assuming ὸ ὸ ὑὝὝϳ , when ὸ increases from +4 to + ρ4, ὸ increases 

from 0 to 1. Substituting ὸ to Equation (3.31) gives 

The value of Ў‰, thus the amplitude of Ὅ is determined by the combination of ὦ  

and ὦ . Four different results of Ў‰ and Ὅ within ὑὝ ὸ ὑ ρὝ can be 

obtained 

1) For ὦ ρ and ὦ ρ, Ў‰ π and Ὅ Ὑὖ. 

2) For ὦ ρ and ὦ ρ, Ў‰ “ὸᴂ and Ὅ ὙὖÃÏÓ“ὸᴂ. 
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3) For ὦ ρ and ὦ ρ, Ў‰ “ and Ὅ Ὑὖ. 

4) For ὦ ρ and ὦ ρ, Ў‰ “ “ὸᴂ and Ὅ ὙὖÃÏÓ“ “ὸᴂ. 

The results can be summarized in the following table. 

ὦ  ὦ 
Ô  +4 +4 Ô + ρ4 Ô  + ρ4 

Ў‰ Ὅ Ў‰ Ὅ Ў‰ Ὅ 

-1 -1 0 Ὑὖ 0 

 

0 Ὑὖ 

-1 1 0 Ὑὖ 0Ҧ  ̄

 

 ̄ Ὑὖ 

1 1  ̄ Ὑὖ ˉ Ҧ0 

 

 ̄ Ὑὖ 

1 -1  ̄ Ὑὖ  ̄

 

0 Ὑὖ 

Table 3-1 Ўꜚ  and ╘▀ with different combinations of ╫╚  and ╫╚ at the time interval ╚╣ȟ╚

╣. 

 

From Table 3-1, we can see that when Ὅ is sampled at integer multiples of Ὕ, thus at 

the bit transitions. The phase difference Ў‰ between two neighbouring symbols is 

either 0 or .̄ From the encoding principle of MSK signal that ὦ, identical to the 

original data stream, decides the direction of phase change, we could infer that Ὅ 

should reflect the change of ὦ. This can be proved by substituting ὸ with ὑὝ in 

Equation (3.31) or identically substituting ὸᴂ with π in Equation (3.32). 

Thus, 

It is obvious that Ў‰ at time ὑὝ is entirely determined by ὦ . Further substituting 

ὸ ὑ ρὝ into Equation (3.31), we have Ў‰ , which is consistent with 

 Ў‰
“ὦ ρ

ς
ȟ×ÈÅÎ Ô +4 (3.33)  
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“ὦ ρ

ς
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Equation (3.33). Equation (3.34) shows that the amplitude of Ὅ is either a positive or 

a negative value, depending on the bits transmitted. Thus, the original bit stream can 

be constructed from temporal variations of the electrical signal Ὅ. 

 

The optical delay receiver is a readily available module in VPITransmissionMakerTM. 

As shown in Figure 3-15, a block of optical delay receiver is modelled by SIMULINKTM.  

Both models are set with a ̄  phase change in the lower arm and a one bit period 

delay time in the upper arm of the Mach-Zehnder delay interferometer.  

 

Figure 3-15 Self-coherent MSK receiver by SIMULINKTM 

 

In both models, the shot noise and thermal noise from the photodiodes are added 

into the generated signal, where the thermal noise equivalent current density is 

assumed at ςπ ὴὃȾЍὌᾀ.  

 

To improve the performance of the optical delay receiver, an optical filter can be 

placed right after the incoming optical signal, and an electrical filter can be placed 

after the photodiodes.  The details of matched optical and electrical filters are 

discussed in Chapter 4.4 
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3.3.2 Coherent demodulation receivers 

A coherent demodulation receiver employs a local oscillator (LO) laser, which mixes 

with received signals functioning as an optical amplifier without noise enhancement. 

The MSK coherent receiver was the main scheme back in the 1980s and has been 

revisited lately [60-62] as it generally provides better receiver sensitivity than on-off 

keying.  

 

A MSK coherent receiver can be designed to be of homodyne scheme or heterodyne 

scheme [61]. Phase locking is used for homodyne detection to achieve a zero 

intermediate frequency (IF) - the amount of frequency difference between the LO 

laser and the carrier frequency of the received signal. For homodyne detection 

system, the optical front end composes a 90° hybrid coupler and two balanced 

detectors. For the heterodyne system, the optical front end composes an X coupler 

and a balanced detector. A delay scheme is then used to recover the output from the 

balanced detection.  

 

An experiment carried out in 2010 demonstrated the demodulation of a 10-Gb/s 

MSK signal using a synchronous homodyne method [60]. During the processing of 

the obtained electrical signal, a real-time 50Gsa/s oscilloscope was used as an A/D 

converter. Consequently the signal processing, including the carrier phase estimation, 

was performed in the digital manner. The receiver sensitivity for error free operation 

(BER<2x10-6) was -36.3 dBm [60].  

 

Heterodyne receivers have simpler construction and are more cost effective to 

implement. In addition, the linewidth requirements are relaxed considerably for 

heterodyne receivers [6].  It was found that coherent demodulation is much more 

tolerant than heterodyne detection towards local oscillator (LO) frequency offset 

with a comparable performance over a simulation test of 40 Gb/s MSK signal over 

100 km and 200 km compensated fiber link [61]. Thus, in this thesis, an MSK 

coherent heterodyne receiver is used in simulation for performance analysis. 
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Figure 3-16 Basic structure of coherent asynchronous heterodyne MSK receiver 

 

Figure 3-16 shows the setup of a coherent heterodyne MSK receiver. Compared to 

the self-delay receiver, the delay demodulation is implemented in the electrical 

domain. The photocurrents Ὅ and Ὅ in each branch of the balanced receiver are 

given by 

Where   is the IF, and ὸ ‰ ὸ ‰ ὸ is the phase difference between the 

signal and the LO laser. The combined current is: 

As can be seen on Figure 3-16, the combined current Ὅ is then divided and fed into a 

delay scheme with one arm delayed by exactly one symbol period duration and the 

other arm applied with a  phase change. The product of the two currents can be 

written as  

Ὅ is the current sent to the decision circuit. The value of Ὅ depends on the phase 

difference between the two consecutive bits, therefore the transmitted data is 

retrieved. 
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3.4 Modeling of Fibers and Erbium Doped Optical Amplifier 

(EDFA) 

 

3.4.1 Fibers 

The Nonlinear Schrödinger equation (NLSE) is a nonlinear partial differential 

equation and generally does not have an analytic solution. Therefore, numerous 

numerical algorithms have been developed to understand the nonlinear effects in 

optical fibers. The Split-Step Fourier Method (SSFM) is one of the most popular 

algorithms used in a dispersive media because of its good accuracy and relatively 

modest computing cost. 

 

The SSFM divides the fiber length into a large number of segments of small step size 

Ὤ. In general, dispersion and nonlinearity act together while the optical pulses 

propagate along the fiber. However, SSFM obtains an approximate solution by 

assuming the effects of dispersion and nonlinearity are independent over the small 

distance Ὤ. The optical pulse propagation from ᾀ to ᾀ Ὤ can be approximated by 

where Ὀ is the differential linear operator equals to , and ὔ is the 

nonlinear operator equals to Ὥȿὃȿ. Ὀ accounts for the dispersion and losses within 

a linear medium while ὔ governs the effect of fiber nonlinearity. The accuracy of 

SSFM can be improved by including the effect of nonlinearity in the middle of the 

small segment rather than at the segment boundary [8]. In this new procedure, 

Equation (3.38) is replaced by 

The evolution of an optical pulse over a small segment h is considered to take three 

steps in this new procedure. This scheme is called symmetrised SSFM [69]. If the step 

size is small enough, the integral in the middle of Equation (3.34) can be 

approximated by 

 !Ú Èȟ4 ÅØÐÈ$ÅØÐÈ.!Úȟ4 (3.38)  

 ὃᾀ ὬȟὝ Ὡὼὴ
Ὤ

ς
Ὀ Ὡὼὴ ὔᾀᴂὨᾀᴂὩὼὴ

Ὤ

ς
Ὀ ὃᾀȟὝ (3.39)  
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ὔᾀ Ὤ needs to be calculated using iterative evaluation because it is not known at 

ᾀ Ὤςϳ . Although the iterative evaluation is time-consuming, the improved 

numerical algorithm allows us to use larger Ὤ than that of Equation (3.38), which will 

result in saving overall computational time. This method is used in the fiber modules 

of all SIMULINKTM models throughout this thesis. 

 

3.4.2 Erbium Doped Optical Amplifier (EDFA) 

Erbium Doped Fiber Amplifiers (EDFA) make use of erbium ions as a gain medium 

and operates in the wavelength region near 1.55 µm. They have been used in the 

system simulations because EDFA have the advantage of providing high gain, low 

noise, wide bandwidth, and polarization dependent amplification [4]. The Erbium 

doped fiber is connected to a laser pump source using a coupler which allows the 

pump and signal powers to propagate together in the amplifying fiber. The pump 

lasers usually operate at either 980nm or at 1480nm to produce gains in the signal 

power output over the whole C-band spectrum. 

 

Amplifier Noise 

In the optical amplification process the signal power is achieved through the 

stimulated emission, while the noise comes from spontaneous emission which is 

called Amplified Spontaneous Emission (ASE). Since the signal spectrum width is 

several orders of magnitude narrower than the ASE spectrum, it is customary to 

approximate the in-band ASE as a white noise process. 

 

With this assumption, the quantum theory of amplitude noise in optical amplifiers 

leads to the following expression for the in-band uniform ASE power spectral density 

available at the output of the optical amplifier:   

 ὔᾀᴂὨᾀᴂ
Ὤ

ς
ὔᾀ ὔᾀ Ὤ  (3.40)  

 ὔ Ὤὺὲ Ὃ ρ          ὡ Ὄᾀϳ  (3.41)  
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where ὔ  is the ASE white noise power spectral density, ὲ  is the spontaneous 

emission factor, Ὃ is the optical amplifier net gain, Ͽ is the tƭŀƴŎƪΩǎ ŎƻƴǎǘŀƴǘΣ ŀƴŘ ὺ is 

the optical frequency (Hz). The impact of ASE is quantified through the noise figure 

Ὂ given by Ὂ ςὲ . In my optical transmission simulation system, the noise figure 

Ὂ is normally set at 3 dB in the EDFA models.  

 

3.5 Conclusion 

 

In this chapter we outlined the schematic layout and successfully modelled the key 

components that comprise the MSK transmission system in both SIMULINKTM and 

VPItransmissionMakerTM, including: 

 

¶ SPS, DPS and IPS MSK transmitters.  

¶ Optical delay and Coherent asynchronous heterodyne MSK receiver. 

¶ Fiber and EDFA optical amplifiers. 

 

The MSK modulators discussed in this chapter, with pure sinusoidal pulse shaping, 

generate ideal MSK signals. However, in reality ideal MSK signals are hard to obtain 

as a periodic triangular driving signal is difficult to obtain, if not impossible. In the 

following chapter, we will discuss MSK transmitters with non-sinusoidal pulse 

shaping methods and the corresponding pre-coding scheme. A novel MSK format 

with new pulse shaping methods will be explained and compared with other MSK 

formats in details.  
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Chapter 4 Investigation of a novel MSK format 

with new pulse shaping methods 

 

As discussed in Chapter 3, one of the most distinctive features of MSK transmitters is 

the sinusoidal shaping of the envelope of optical intensity in both the in-phase and 

quadrature components. The sinusoidal pulse shaping ensures a linear phase change 

during bits and thus a constant frequency shift off the centre frequency. In Section 

3.1.4, periodic triangular RF driving signals (depicted in Figure 3-4 and Figure 3-5) are 

used to drive MZM modulators to generate ideal sinusoidal pulse shaping. However, 

at ultrahigh speeds of 40 Gb/s or 100 Gb/s, triangular RF driving signals are hard to 

generate in electrical hardware while high frequency sinusoidal RF driving signals can 

be simply generated by second harmonic generation using the parabolic transfer 

characteristics of high speed field effect transistor, e.g., MESFET [70]. As a result, 

MSK optical signals with the envelope of the amplitude of optical pulses being 

weighted in semi-sinusoidal shapes attracted our attention for investigation. 

 

In this chapter, a novel DC33 MSK signal with semi-sinusoidal pulse shaping is 

successfully generated and studied using simulation. As we will explore deeper in 

this chapter, the characteristics of MSK signals are closely related to the pulse 

shaping methods. We will also systematically compare the performance of MSK 

signals with different pulse shaping methods and examine the effects of impairments 

in various MSK transmitters, including SPS, DPS and IPS MSK transmitters modelled 

in the last chapter, as well as the impairments in MSK receivers.  

 

4.1 Semi-sinusoidal pulse shaping 

 

In the last chapter, we discussed the sinusoidal pulse shaping by driving an MZM 

with linear periodic triangular signals. In this section, we will show that semi-

sinusoidal pulse shaping can be achieved by operating the MZM in push-pull mode 
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with sinusoidal driving signals. As shown in the first section, there are three common 

semi-sinusoidal pulses when configuring the MZM with different parameters. 

Accordingly, various optical MSK can be generated by these pulse shaping methods. 

We will then derive the optical MSK signals analytically with various pulse shaping 

methods including novel DC33 MSK with RZ33 pulse shaping.  

4.1.1 Return to Zero pulses with 33%, 50% and 67% duty cycles 

When configured in dual drive mode, MZMs can modulate the envelope of optical 

field intensity into return to zero pulses with different duty cycles, namely return to 

zero pulse with 33% duty cycle (denoted as RZ33 pulse), return to zero pulse with 50% 

duty cycle (denoted as RZ50 pulse), and return to zero pulse with 67% duty cycle 

(denoted as RZ67 pulse). The parameter settings to generate the three types of 

optical pulses are summarized in Table 4.1 [2]. 

Pulse Types 
Bias 

Voltage 
RF Voltage 

Modulation 

Index 
Duty Cycle 

RZ33 0 ὠȾς ʌςϳ  33% 

RZ50 ὠ τϳ  ὠ τϳ  ʌτϳ  50% 

RZ67 (CSRZ) ὠȾς ὠȾς ʌςϳ  67% 

Table 4-1 Parameter settings of return to zero pulses with various duty cycles 

 

Assuming the RF driving signal has an angular frequency of RZ33 pulses can be , 

generated with the MZM modulator configured with null bias and a modulation 

index of ʌςϳ . The optical field is given according to Equation (3.6) 

RZ50 pulses can be achieved by configuring the MZM with a bias voltage of  

ὠ τϳ  and a modulation index of ʌτϳ ,  

Similarly, to generate RZ67 optical pulses, the MZM is configured with a bias voltage 

of  ὠȾς and driven by a sinusoidal wave with a voltage of ὠȾς. The optical field is 

given according to Equation (3.6) 

 Ὁ ὸ ÃÏÓ
“

ς
ÃÏÓὸὉ ὸ (4.1)  

 Ὁ ὸ ÃÏÓ
“

τ
ÃÏÓὸ

“

τ
Ὁ ὸ (4.2)  
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It is worth mentioning that out of these three RZ pulses only RZ67 is bi-directional. 

The other two types of RZ pulses are uni-directional. Figure 4-1 plots the optical field 

envelopes of the three types of optical pulses in the field domain. Please note the 

frequencies of the RZ33 pulses and the absolute value of RZ67 pulses are the same,  

twice the frequency of the driving RF signal.  

 

Figure 4-1 Envelopes of the RF driving Signal and the generated RZ33, RZ50 and RZ67 optical 

pulses in the field domain. 

 

4.1.2 Generation of MSK signals with various pulse shaping 

methods 

Figure 4-2 and Figure 4-3 show the comparison of RZ33, RZ50 and RZ67 optical pulse 

fields and optical pulse powers respectively. The dashed gray wave curves are the 

reference cosine and cosine2 envelopes respectively. It is easy to see that the 

envelopes RZ50 pulse field and power are closest to the reference wave curves as 

both RZ50 and cosine pulses have the same 50% duty cycle. RZ33 and RZ67 pulses do 

not have intersection points with the cosine wave except at the peak points and the 
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zero points: they fall into the outer side or inner side of the reference wave curves. 

The optical MSK signals composed by Return to Zero pulses RZ33, RZ50 and RZ67 are 

named as DC33 MSK, DC50 MSK and DC67 MSK according to the duty cycle of the 

optical pulses.  

 

Figure 4-2 Comparison of RZ33, RZ50 and RZ67 optical pulse fields. 
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Figure 4-3 Comparison of RZ33, RZ50 and RZ67 optical pulse power. 

 

By substituting the sinusoidal waves in Equation (2.15) with the RZ33 semi-sinusoidal 

pulse shaping wave described in Equation (4.2), the optical field of DC33 MSK signals 

can be given as 

From Equation (2.15) and Equation (4.3), DC50 MSK signal is given as 

From Equation (2.15) and Equation (4.1), DC67 MSK signal is given as 
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