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Abstract 

 

The rapid growth in interactive bandwidth-hungry services demands ever higher 

capacity at various stages of the optical network, leading to a potential capacity exhaust, 

termed the capacity crunch.  The main aim of the research work described in this thesis 

was to help solve the potential capacity crunch by exploring techniques to increase the 

data rate, spectral efficiency and reach of optical fibre systems. The focus was on the 

use of advanced signal modulation formats, including optical time-division multiplexing 

(OTDM), quadrature phase shift keying (QPSK), and 16-state quadrature amplitude 

modulation (QAM16). QPSK and QAM16 modulations formats were studied in 

combination with coherent detection and digital signal processing (DSP) for the 

compensation of transmission impairments. In addition, return-to-zero (RZ) pulses were 

explored to increase the tolerance towards nonlinearity for coherently detected signals, 

and nonlinearity compensation (NLC) through the DSP. 

Initially, to maximise the bit-rate, research was focused on the study of OTDM 

transmission at 80Gbit/s with the aim to optimise the phase difference between the 

adjacent OTDM channels. A new technique to achieve bit-wise phase control using a 

phase-stabilised fibre interferometer was proposed. Faced with a limited fibre capacity, 

the need to maximise the spectral efficiency became paramount, and thus the need to 

use phase, amplitude and polarisation domains for signal transmission. In combination 

with coherent detection the research focused on the performance of optical fibre systems 

using QPSK and QAM16 modulation formats, including their generation, transmission 

and detection in single-channel and WDM regimes. This included the study of the 

impact of pulse shapes, and the mitigation of linear and nonlinear transmission 

impairments with receiver-based DSP at bit-rates ranging from 42.7 to 224Gbit/s.  The 

technique demonstrated for bit-wise phase control for OTDM was successfully used to 

demonstrate a new method for QAM16 signal generation. Longest transmission 

distances (up to 10160km in 112Gbit/s QPSK, 4240km in 112Gbit/s QAM16, and 

2000km in 224Gbit/s QAM16) have been achieved with the use of NLC and RZ pulses. 

The efficiency of these two techniques is explored through a comprehensive set of 

experiments in both single-channel and WDM transmission experiments. The results 

can be used in the design of future optical transmission systems.  
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1. Introduction 

 

1.1. Motivation for High-Speed Optical Fibre 

Transmission 

 

 

As well put in [1], “optical fibre communication is firmly entrenched as part of the 

global information infrastructure”, that is high performance optical networks are 

essential for economic growth and well-being of communities. The attraction of 

transmission over an optical fibre is mainly in its much larger capacity compared to 

copper counterparts and immunity to electromagnetic interference and other external 

influence. At present, optical fibre transmission is seen as a dominant technology for 

both long-haul and short-haul broadband transmission.    

Following the “bubble burst” of the early 2000’s, the revival in research into optical 

fibre communication has been remarkable. It is now becoming increasingly apparent 

that the reason partially lies within social behaviour, that is the desire for new 

interactive bandwidth-hungry services, such as video-on-demand, high-definition 3D 

television, online gaming and others. It has also become clear that what was previously 

thought to be plentiful capacity could gradually result in a capacity exhaust, if no 

actions are taken. Ironically, the flattening of the increase in the optical bit-rate of 

commercially deployed systems due to the “bubble burst” in combination with the 

continuing increase in the clock speed of silicon chips, facilitated the convergence of the 

silicon chip speed with optical line-rates. This has helped coherent detection with DSP 

gain momentum and become a practical technique to mitigate fibre impairments, 

demodulate advanced modulation formats and perform many other functions that were 

previously performed optically or using analogue electronics. Coherent detection and 

subsequent DSP has also revolutionised the way the system designers and researchers 

can solve the limitations of fibre impairments and other functionality, such as 

polarisation tracking and phase recovery. 
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Over its history optical fibre system development has mainly been aided by the 

reduction of losses in optical fibres [2] and the invention of optical amplifiers, which in 

turn facilitated the use of the WDM technology. WDM, initially performed for intensity 

modulated (IM) signals with direct detection (DD), has allowed different wavelength 

channels to be densely packed to enhance the utilisation of the available bandwidth, 

which is fast becoming a limited and, therefore, a precious resource. The subsequent 

growth in the channel bit-rate and overall capacity can be attributed to the development 

of optical time-division multiplexing (OTDM), advanced modulation formats, and 

coherent detection with DSP.  

OTDM was initially proposed as a laboratory technique to overcome the limited 

bandwidth of available electronics by increasing the bit-rate optically. This approach 

was used in the early 40Gbit/s IM-DD OTDM experiments, which were assembled from 

4x10Gbit/s base-rate channels. With the further development and refinement of 

electrical components the generation of a 40Gbit/s signal using a fully electrical time-

division multiplexing (ETDM) has become feasible. The ETDM bit-rates are currently 

limited to 56Gbit/s, therefore, to understand the transmission limitation at higher IM-

DD speeds the use of an OTDM technique is essential.  

In contrast, advanced modulation formats – the ones that make use of not only 

amplitude, but also other signal domains, such as phase and the state of polarisation, are 

more sophisticated techniques to encode the electrical data pattern onto an optical 

carrier. This yields an enhancement in the functionality and an increase in the spectral 

efficiency, compared to the conventional IM-DD schemes used for the majority of 

optical fibre communication systems to date. Advanced modulation formats can also 

have improved noise characteristics and increased tolerance towards nonlinearity due to 

the more optimum allocation of symbols on the complex plane. A “constellation 

diagram” is typically used to represent the signal as a two-dimensional diagram on a 

complex plane, and allows visualisation of both amplitude and phase modulation. In 

addition, the use of coherent detection and DSP takes full advantage of the benefits of 

advanced modulation formats and allows functionality, previously unavailable for 

systems with direct detection.  

The main aim of the research work described in this thesis was to investigate the 

techniques, which allow an increase in the bit-rate and/or transmission distance of 

existing and future optical transport systems. At the start of this research work OTDM 
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was seen as a driving technology to satisfy an increase in the signal bit-rates, and initial 

research activities of this work were, therefore, focused on the techniques to increase 

the transmission distances of OTDM signals. The initial goal of this research work was 

to investigate the generation and transmission of OTDM signals at 160Gbit/s, and 

exploring the techniques of bit-wise phase control that would allow a greater range of 

modulation formats to be implemented. At the time 160Gbit/s was seen as the bit-rate of 

the next-generation optical fibre systems, following the traditional four-fold increase in 

the bit-rate, according to synchronous digital hierarchy (SDH). However, by 2008 it has 

become apparent that the future long-haul optical fibre transmission systems are likely 

to be based on the emerging technology, consisting of the symbiosis of advanced 

modulation formats, coherent detection and DSP, and accumulating the advantages 

brought by these individual  techniques. The research was then re-focused towards the 

study of advanced modulation formats with coherent detection. However, the phase-

stabilisation technique, initially developed during the work on bit-wise OTDM signal 

generation, has also proved to be invaluable for all the subsequent research on the 

generation and transmission of advanced modulation formats.  

It should be noted, however, that prior to 2008 limited experimental work was 

published in the area on the advanced modulation formats, primarily employing 

quadrature phase-shift keying (QPSK) modulation and conventional non-return-to-zero 

(NRZ) pulses. The aim of the research work described in this thesis was, therefore, to 

carry out a comprehensive study of transmission performance of not only QPSK signals, 

but also more spectrally efficient 16-state quadrature amplitude modulated (QAM16) 

signals. The research focused on the experimental implementation of these formats and 

their transmission to maximise both bit-rate and distances over which these could be 

transmitted on standard single-mode fibre (SMF) with Erbium-doped fibre amplifiers 

(EDFAs) only.   

The advantage of QAM16 is a twice lower symbol rate, required to achieve the same 

overall bit-rate as in the case of QPSK, which means that the lower-bandwidth electrical 

components can be used for QAM16. The advantage of QAM16 format, however, 

comes at the expense of the increased required optical signal-to-noise ratio (OSNR), 

reduced tolerance towards nonlinearity and the complexities, associated with its 

generation. While QPSK coherent optical transport systems have recently become 

available from Ciena [3] and were also tested by Opnext/AT&T/Cisco in field trials [4], 



11 

 

the QAM16 technology still remains largely unavailable even in optical fibre 

transmission research laboratories. QAM16 is also a very promising modulation format 

to obtain a 400Gbit/s per carrier – the likely bit-rate of the 2
nd
 generation future optical 

fibre transmission systems [5]. The constellation diagrams of currently most widespread 

modulation formats are shown in Figure 1. 

 

 

(a) 

 

 

(b) 

 

 

(c) 

 

 

(d) 

 

 

(e) 

 

 

(f) 

 

 

(g) 

Figure 1: Constellation diagrams of various modulation formats; (a) OOK (b) BPSK (c) 

QPSK (d) PSK8 (e) QAM8 (f) QAM16 (g) QAM64 

 

The ways to further increase the bit-rate to 1Tbit/s per optical carrier is currently a 

topic of active research, and a solution to efficiently generate and receive a 1Tbit/s 

signal is being actively sought after. Overall, it is clear that optical fibre communication 

technology is entering a stage where the combination of all possible innovations in the 

field must be applied to improve the capacity of optical fibre networks. It should also be 

noted that in practical systems, such considerations as floor space, system complexity, 

cost of the terminal equipment and power consumption need to be taken into account, in 

addition to the technological benefits any new techniques offer. 

This research work also provides the first comprehensive analysis of the two 

techniques to increase the maximum reach (defined as the maximum achievable 

transmission distance for a given system design): return-to-zero (RZ) pulses instead of 

NRZ, and digital back-propagation for nonlinearity compensation (NLC). The 

investigation of these techniques is carried out for both QPSK and QAM16 

transmission.  

The rest of this PhD thesis is structured as follows. Chapter 2 provides a background 

on the techniques used in this research work, such as the design of OTDM subsystem 

blocks and the operational principle of the Mach-Zehnder and electro-absorption 

modulators (MZMs and EAMs, respectively). The understanding of MZM operation 

principle is important for the generation of QPSK and QAM16 signals, and also for the 

return-to-zero (RZ) pulse shaping. Section 2.3 describes the hardware part of a digital 
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coherent receiver and the subsequent DSP, which is carried out offline in Matlab. The 

DSP used in this research work was implemented in a parallel PhD work by my 

colleague David Millar, as a part of our collaborative work. Section 2.4 outlines the 

sources of transmission impairments, which are relevant to the specific experiments 

carried out in this research work. Chapter 2 also summarises the results previously 

reported by other research groups in the area of OTDM with direct detection (section 

2.1.4), advanced modulation formats with coherent detection (section 2.2.6), and 

OTDM with advanced modulation formats and coherent detection (section 2.1.5). 

Chapter 3 is focused on the investigation of 80Gbit/s OTDM (2x40Gbit/s) 

transmission performance by varying the phase relationship between the adjacent 

OTDM tributaries. To emulate long-haul transmission, a recirculating fibre loop was 

used for all transmission experiments carried out in this PhD work (described in 

Appendix A). The details on the technique used to generate bit-wise OTDM signals are 

given in section 3.2. The further characterisation of 80Gbit/s OTDM transmission was 

carried out using simulations by varying the data pulse width and the receiver filter 

bandwidth, and calculating the maximum achievable transmission distance (section 

3.5). 

Chapter 4 describes the single-channel back-to-back and transmission experiments 

and the obtained results for both QPSK (section 4.1) and QAM16 (section 4.2) signals. 

The QPSK transmission was carried out at 42.7, 85.4 and 112Gbit/s, while QAM16 

signals were characterised at 112Gbit/s and 224Gbit/s (this is one of only 4 

demonstrations of 224Gbit/s QAM16 transmission reported to date). The bit-rates of 

42.7 and 112Gbit/s for QPSK transmission were chosen from a practical perspective, 

since these are the bit-rates on which the next generation of coherent transponders are 

currently being developed. The QAM16 transmission at 112Gbit/s allowed for the 

comparison of its performance with the QPSK transmission at the same bit-rate to 

identify an optimum modulation format for 100Gbit/s applications. The QAM16 

transmission is further studied at the bit-rate of 224Gbit/s; this is an interim step 

towards a 400Gbit/s – the likely bit-rate for the 2
nd
 generation of future optical 

networks. Therefore, understanding an upper bound of 224Gbit/s transmission would 

also help estimate the transmission limits at higher bit-rates and refine experimental 

techniques required to generate and receive a higher bit-rate signal. The benefit of using 

return-to-zero with 50% duty cycle (RZ50) pulses instead of non-return-to-zero (NRZ) 
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pulses is further quantified in the QPSK (section 4.1.3) and QAM16 (section 4.2.3) 

transmission experiments. A possibility to generate a QAM16 signal at the symbol rate 

of up to 42Gbaud is investigated in section 4.2.4. 

Finally, chapter 5 extends the results obtained in chapter 4 to the WDM generation 

and transmission of QPSK and QAM16 signals at 112 and 224Gbit/s. As in the case of 

single-channel transmission, NRZ and RZ50 pulse shapes were compared for all bit-

rates investigated in this chapter. At 224Gbit/s the experimentally obtained results are 

further extended using Matlab simulations, which also investigate an impact of using 

RZ pulses with 33 and 67% duty cycles (RZ33 and RZ67, respectively) and variable 

number of WDM channels (3,5,7,9) (sections 5.1, 5.2). These simulations were carried 

out by my colleague Carsten Behrens, as a part of our collaborative work. 
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1.2. Original Contributions 

 

 

The following original contributions to the field of optical fibre communication have 

been made in the course of this research work, giving rise to the cited publications: 

 

- Development of a novel design and construction of an OTDM multiplexer based on 

a phase stabilised fibre interferometer, which enabled bit-wise OTDM transmission 

for enhanced performance [6] (section 3.2) 

 

- Optimisation of phase difference between the adjacent OTDM tributaries to reduce 

an impact of intra-channel nonlinearity [7] (sections 3.4, 3.5) 

 

- Quantification of the impact of intra-channel four wave mixing (IFWM) using 

computer simulations for different pulse width and phase values between adjacent 

OTDM tributaries [7] (section 3.5) 

 

- Development and demonstration of a new technique to generate a QAM16 signal, 

which is simpler to implement, less noisy than previously reported, and could be 

assembled from commercially available components [8] (section 4.2.1) 

 

- The first comprehensive comparison of return-to-zero (RZ) and non-return-to-zero 

(NRZ) pulse shapes in QPSK and QAM16 transmission; RZ yields a ~20% increase 

in the maximum reach compared to NRZ [9] [10] (sections 4.1.3, 4.2.3, 5.1, 5.2) 

 

- Several demonstrations of record transmission distances for QPSK and QAM16 

modulation formats for SMF links with EDFAs [10] [11] [12]. 13600km for 

42.7Gbit/s QPSK; 10160km for 112Gbit/s QPSK; 4240km for 112Gbit/s QAM16; 

2000km for 224Gbit/s QAM16 (sections 4.1.1, 4.1.2, 4.2.2, respectively) 

 

- Experimental demonstration of a new way to generate a WDM comb for QAM16 

modulation format, which utilises the concept of free-spectral range of a phase-

stabilised fibre interferometer [10] (section 5.2) 
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2. Subsystem Design and Literature 

Review 

 

The purpose of this chapter is to give an overview of the subsystems, used in the 

transmission experiments in this work. The techniques described in this chapter are: 

optical time-division multiplexing (OTDM), amplitude and phase modulation 

techniques, and coherent reception of optical signals. Finally, a short overview on the 

limiting transmission impairments, specific to the experiments carried out in this 

research work, is given. 

 

 

2.1. Optical Time-Division Multiplexing (OTDM) 

 

 

Although an optical fibre is a very broadband medium for information transmission, 

it is currently technologically impossible to modulate the full optical bandwidth at once. 

This is because an optical signal is initially generated from an electrical data pattern and 

converted back into an electrical signal after transmission for the recovery of the 

transmitted data. The bandwidth limitation of most electronic and opto-electronic 

components (currently ~ 50-60GHz) consequently sets the limit on the maximum 

achievable optical bit-rate. For example, the current state-of-the-art pulse pattern 

generators (PPGs) can provide a maximum binary electrical bit rate of 56Gbit/s. Current 

attempts towards achieving maximal information throughput involve WDM, where the 

whole optical bandwidth (e.g. of the C-band)  is broken up into disjoint frequency 

bands, each of which is modulated separately [13]. By combining these separately 

modulated channels a very high optical capacity could be achieved [14] [15] [16]. At 

the receiver the WDM signal is demultiplexed back into the separately modulated 

channels using a tunable optical filter (or, an array waveguide grating) for the bit error 

rate (BER) measurements (Figure 2(a)). 
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An alternative to WDM in increasing the overall information capacity is an optical 

time-division multiplexing (OTDM) technique (Figure 2(b)). OTDM is a powerful tool 

that allows the bandwidth limitation of electronic and opto-electronic components to be 

overcome and can significantly increase the transmitted signal bit-rate. While WDM 

utilises the frequency domain to increase the overall transmitter capacity, the OTDM 

technique uses solely a time domain approach. The idea behind OTDM is to optically 

interleave several base-rate data streams (e.g. 40Gbit/s) in the time-domain to achieve a 

larger aggregate bit-rate (multiples of 40Gbit/s in this example – 80Gbit/s, 160Gbit/s 

etc.). At the receiver, the OTDM signal is separated into original multiple base-rate 

channels for the BER measurements. 

 

 

(a) 

 

(b) 

Figure 2: Schematic diagrams of (a) WDM and (b) OTDM signal generation and 

reception 

 

 

2.1.1. Pulse source for an OTDM transmitter 

 

 

The most important prerequisite for an OTDM transmitter is the use of short return-

to-zero (RZ) pulses instead of conventional non-return-to-zero (NRZ) pulses to carry 

the binary signal information. Since the RZ pulse energy is concentrated within a time 

window shorter than a bit period, the time separation between the two consecutive data 

pulses can be efficiently utilised for multiplexing multiple streams of data together 

(Figure 3). Hence, there is a certain requirement on the pulse width (typically defined as 

full-width half-maximum (FWHM)); the shorter the pulse width the more data streams 

could be potentially multiplexed together. To multiplex four 40Gbit/s data streams into 
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a 160Gbit/s OTDM signal, the pulse width should be 2ps or less to avoid major signal 

degradation due to time-channel crosstalk from overlapping wings of adjacent pulses 

after multiplexing [1]. Figure 3(c) shows an example of an increased crosstalk between 

the OTDM channels when the pulse width is not sufficiently short. To measure the 

width of such short pulses an intensity autocorrelator can be used; more detailed 

information about the pulse intensity and phase profile can be obtained using advanced 

pulse measurement techniques, such as frequency resolved optical gating (FROG) [17]. 

To further suppress the time-channel cross-talk and interferometric noise (also known as 

incoherent interference) due to fluctuating phase difference between the neighbouring 

OTDM channels, a transmitter must ensure an extinction ratio of ~35-40dB [18] [19]. 

The requirement for the extinction ratio is reduced for the OTDM experiments with 

phase control applied on a bit-by-bit basis (or, bit-wise), since the effect of the 

fluctuating phase between OTDM channels (and, hence, interferometric noise) is 

cancelled in this case. 

 

(a) 

 

(b) (c) 

Figure 3: Generation of a higher bit-rate binary signal using the OTDM technique. 

Pattern “111” was used as an example. (a) 40Gbit/s base rate signal; (b) 80Gbit/s 

OTDM signal; (c) 160Gbit/s OTDM signal. 

   

A short-pulse train can be obtained using a mode-locked laser diode (MLLD), a 

mode-locked fibre ring laser (ML-FRL) or by a continuous wave (CW) laser externally 

carved by an electro-absorption modulator (EAM) or Mach-Zehnder modulator (MZM). 

In the case of an external pulse carving a cascade of two or more modulators can be 

used to decrease the pulse width. At the start of this research work the significance of 

the 160Gbit/s bit-rate was seen from the historic four-fold increase in bit-rate, as 

specified in SDH (e.g. 2.5Gbit/s to 10Gbit/s; 10Gbit/s to 40Gbit/s), giving rise to a 

possible future upgrade from 40Gbit/s to 160Gbit/s. The generation of sub-picometer 
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pulses is also possible using various laboratory pulse compression techniques, like those 

described in [20] [21]. 

 

 

2.1.2. OTDM multiplexer design 

 

To multiplex the base-rate RZ signal into a higher-rate OTDM signal several 

techniques can be used. The first way to generate an 80Gbit/s OTDM signal can be 

achieved by splitting a 40GHz RZ optical pulse train equally in two via a 3dB coupler, 

after which the two signals are modulated with two independent data patterns and two 

separate EAMs or MZMs. The 40Gbit/s RZ signals are then temporarily interleaved 

with respect to each other by half a bit period using an adjustable delay line; the residual 

difference in optical powers within the two interferometer arms is equalised with an 

tunable optical attenuator. Then the two 40Gbit/s RZ-OOK signals are recombined 

using a 3dB coupler to obtain an 80Gbit/s OTDM signal (Figure 4(a)). Several stages of 

OTDM can be cascaded to obtain a higher aggregated bit-rate (e.g. 160, 320Gbit/s). The 

highest achieved OTDM bit-rate to date is 1.28Tbit/s using on-off-keying (OOK), 

polarisation division multiplexing (PDM) and direct detection [21]; and 10.2Tbit/s using 

advanced modulation formats, PDM and coherent detection [22]. 
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(b) 

Figure 4: Schematic diagram of an 80Gbit/s OTDM signal generation from 40Gbit/s 

base rate signal (a) using independent electrical data patterns; (b) using a delay-line 

multiplexer. 

 

In transmission laboratories, however, the generation process of an OTDM signal 

could be simplified by using a single modulator and a delay-line interferometer to 
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synthesise the OTDM signal (Figure 4(b)). This is a widely accepted experimental 

technique amongst researchers and allows emulation of the behaviour of a OTDM 

transmitter, which would consist of independent data modulators. However, the delay-

line interferometric configuration would also imply that the two OTDM tributaries carry 

the same data, which would incorrectly represent the behaviour of a real OTDM 

transmitter. The spectral content of non-decorrelated sequences is reduced compared to 

that of a true pseudo-random binary sequence (PRBS) (Figure 5) and such sequences 

will yield a conservative estimate of system performance as shown in [23]. To solve this 

problem the two 40Gbit/s OTDM tributaries can be decorrelated within the OTDM 

multiplexer by changing the optical paths difference for two propagating signals. The 

most common way of implementing it would be to insert a piece of fibre in one of the 

interferometer arms to optically delay one signal with respect to each other, as shown in 

Figure 4. In order to maintain true PRBS structure of the generated sequence the relative 

delay between the OTDM channels must be equal to half the pattern length of the initial 

PRBS sequence [24]. Taking into account that the light propagation speed in optical 

fibre equals to ~2×10
8
 m/s and that the operating bit rate is 40Gbit/s, it has been found 

that the data propagation in 1 meter of optical fibre corresponds to the delay by ~200 

bits. For a 2
7
-1 PRBS sequence, this corresponds to 32cm of fibre needed to fully 

decorrelate two OTDM data tributaries.  

   

Pattern 

length 

2
7
 2

9
 2

11
 2

15
 2

23
 2

31
 

Fibre 

length 

32cm 1.28m 5.12m 81.92m 20.97km 5368.7km 

Table 1 Optical fibre length needed to fully decorrelate different PRBS patterns 

 

 

 (a) (b) (c) 

Figure 5: Simulated RF spectra for 80Gbit/s OTDM signal (2
7
-1 PRBS); (a) No 

OTDM channel decorrelation; (b) 2bit decorrelation; (c) Half PRBS decorrelation. 
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However, since the required length of the decorrelation fibre (and hence, the loss) 

increases with the pattern length, it becomes impractical to fully decorrelate very long
 

PRBS patterns, as shown in Table 1. In addition, the difference between the two 

interferometer arms must not exceed the coherence length of the source laser to allow 

coherent interference, required for the generation of bit-wise OTDM signals, as will be 

described in section 3.2. Also, the full decorrelation is available for one particular bit-

rate at the time and, therefore, limits an experimental flexibility. Fortunately, it turns out 

that even a very modest decorrelation by several bits (a few tens of bits for very long 

patterns) is sufficient to reliably represent distribution of the signal transitions, and this 

is a widely accepted experimental technique amongst various research groups [25] [26] 

[27]. The length of a PRBS pattern in the previously reported OTDM experiments 

varied from as little as 2
7
-1 to 2

31
-1; e.g. 2

15
-1 pattern was used in the OTDM 

experiment with the highest bit-rate reported to date for OOK and direct detection. The 

simulated RF spectra of an 80Gbit/s OTDM signal with no decorrelation between 

adjacent bits and ~1.2ns of decorrelation (corresponding to the decorrelation by 46 bits 

at such bit rate) are shown in Figure 6. The decorrelation value of 46bits was also 

chosen for all the experiments to represent nearly half-pattern decorrelation for the 

shortest PRBS of 2
7
-1 available from the PPG, and reasonable decorrelation for longer 

patterns. In order to measure the relative bit decorrelation of two patterns, the data 

sequence entering the OTDM multiplexer was pre-programmed to contain a single ‘1’ 

bit within the PRBS length; the time response of the OTDM multiplexer is then 

measured using a real-time oscilloscope. 

 

 

(a) (b) 

Figure 6: Simulated RF spectra for 80Gbit/s OTDM signal (2
31
-1 PRBS); (a) No 

OTDM channel decorrelation; (b) 45bit decorrelation. 

 

One of the potential drawbacks of a conventional OTDM multiplexer is the inability 

to control optical phase between adjacent OTDM channels, which makes it impossible 
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to implement advanced modulation formats based on fixed phase relationships. This 

arises from the fact that ambient temperature deviations cause random optical path 

difference inside a fibre delay-line multiplexer and, therefore, leads to random phase 

fluctuations between adjacent OTDM channels. Another cause of phase fluctuations is 

the wavelength drift of the source laser. Both the temperature and wavelength drift 

severely affect the interferometers with short free-spectral range (this will be covered in 

detail in section 4.3). 

Several techniques were previously used to control the phase between adjacent 

OTDM bits, such as using a free-space optical arrangement with EAMs [28] or planar 

lightwave circuit (PLC) technology [29] [30]. The problem is that the development of a 

prototype for such an OTDM transmitter can be expensive and requires a significant 

expertise in device design and fabrication. 

 

 

2.1.3. OTDM receiver design 

 

At OTDM bit-rates of 80Gbit/s and above a conventional receiver is not capable of 

directly detecting an OTDM signal due to the limited electrical bandwidth of 

components at the receiver. The solution to this is to optically demultiplex an OTDM 

signal prior to sending it to a 40Gbit/s receiver, where the BER can be measured 

directly. The clock recovery in OTDM experiments must not only provide the clock 

signal for the BER measurements, but also the timing for demultiplexing. 

For experiments with direct detection the optical gate (or, switching window) for 

demultiplexing can be generated using cross-phase modulation (XPM) or four-wave 

mixing (FWM) effects in a semiconductor optical amplifier (SOA), or highly nonlinear 

fibre in conjunction with interferometric arrangements [31] [32] [33] [34]. These 

include the nonlinear optical loop mirror (NOLM), gain-transparent ultrafast nonlinear 

interferometer (GT-UNI) and hybrid integrated symmetric Mach-Zehnder (HI-SMZ) 

interferometer. NOLM is currently the only technique that allows to demultiplex an 

OTDM signal of up to 640Gbaud, which corresponds to 640Gbit/s for OOK or 

differential phase-shift keying (DPSK) [21] and 1.28Tbit/s for differential quadrature 

phase-shift keying (DQPSK) [35] signals. The difference between Gbaud and Gbit/s is 
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that the former represents the number of distinct symbol changes per second in a 

digitally modulated signal, while the latter defines a number of bit changes per second. 

For OOK or DPSK signal one symbol carries the information about only one bit, thus, 

the symbol rate is equal to bit-rate. In a DQPSK modulation one symbol consists of two 

information bits, which means that the DQPSK bit-rate is twice its symbol rate. 

Alternatively, a simpler technique employing an EAM, sinusoidally driven by the 

recovered electrical signal at the receiver, can be also used to generate a switching 

window. Similarly to the transmitter design, two or more EAMs at the demultiplexer 

can be cascaded to reduce the width of the switching window. Although an EAM-based 

demultiplexer can be very compact and easy to implement, the disadvantage of this 

approach is the limited width of the switching window (2-3ps, hence, the operation 

speed is typically limited to 160Gbit/s) and the fact that the switching window is not 

tunable. The latter means that the width of the switching window has to be designed for 

a particular bit rate. For experiments with coherent detection a pulsed local oscillator 

with a delay line can be used to directly demultiplex the channel of interest.  

While in conventional non-OTDM experiments a clock recovery unit (CRU) can be 

realised using a voltage controlled oscillator (VCO) with a phase comparator or a high 

Q-filter to directly extract clock from the signal spectrum, the CRU design must be 

adjusted for OTDM experiments, where the timing for the demultiplexer must be also 

extracted. Various approaches have been proposed: bi-directionally operated EAM [36], 

phase-locked loop with optical phase comparators, exploiting nonlinearity in SOAs [37] 

and phase-locked loop in combination with high-Q filter [38]. A modified version of the 

latter algorithm is used for OTDM experiments, carried out in this work. 

After down-conversion from the OTDM rate to the base rate, a conventional receiver 

can be used. Such a receiver consists of a broadband 40GHz photodetector; depending 

on the front-end of an error detector, and additional broadband 40GHz radio-frequency 

(RF) amplifier may need to be used. An optional noise loading stage can be used to set 

the optical signal-to-noise ratio (OSNR) at the receiver. This typically consists of an 

additional Erbium doped fibre amplifier (EDFA) and an attenuator before the EDFA to 

control the input launch power and, hence, the OSNR. An additional attenuator after the 

EDFA may need to be used to limit the power to the photodetector. The BER 

measurements typically involve setting a decision threshold in terms of amplitude and 

sampling phase to determine an ideal sampling point. The received value can be 
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compared with the known transmitted, after which a decision on the presence of an error 

can be made. 

 

2.1.3. Literature review on OTDM 

 

The first introduction of optical multiplexing and demultiplexing principle goes back 

to 1968, when the generation of 5376Mbit/s bit stream from several interleaved 

224Mbit/s base rate signals was proposed [39]. Back then the idea was revolutionary 

and allowed previously unimaginable bit-rates. The more contemporary description of 

an OTDM technique, on which many existing OTDM experiments are based, can be 

found in [40]. This paper was also the first one to mention the possibility of reaching the 

overall bit-rate of 100Gbit/s using the OTDM technique. During that time, OTDM was 

seen as the most promising technology to increase the system capacity since broadband 

optical amplifiers were not yet available for any effective WDM systems to be realised. 

The invention of the EDFA sparked the research in WDM systems, and the overall 

interest in high-speed OTDM systems somewhat diminished. However, the possibility 

of combining WDM and OTDM techniques to complement each other, has also become 

an active topic of research.  

The first 160Gbit/s OTDM experiment was demonstrated in 1995 when Nakazawa et 

al. from NTT transmitted a 160Gbit/s soliton data signal through a 200km-long fibre 

[41]. In this experiment a 10Gbit/s signal was multiplexed to 80Gbit/s, after which 

polarisation division multiplexing was applied to increase the bit-rate to 160Gbit/s. 

Using essentially fibre-based optical signal processing, the group from NTT increased 

the OTDM bit rate to 1.28Tbit/s [21] in a number of breakthrough experiments and was 

the first one to demonstrate combined OTDM/WDM experiments, where 1.4Tbit/s [42] 

and, later, 3Tbit/s [43] total capacities were transmitted over short distances. Further 

combined OTDM/WDM experiments were conducted in [44] [45] [46].   

Most recent OTDM experiments have been based on advanced modulation formats 

with both direct and coherent detection, which allows a further increase in the capacity 

and transmission distance. In the experiments with direct detection, RZ modulation 

formats with alternating phase between the adjacent pulses, such as 90°-RZ and carrier-

suppressed (CS)-RZ, have been used to increase the tolerance towards intra-channel 
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four-wave-mixing (IFWM) and achieve longer transmission distances [44] [47] [48]. 

DPSK was also found to have an increased tolerance towards nonlinearity compared to 

a conventional RZ, in addition to a 3dB improvement in receiver sensitivity, when 

balanced detection was used [49]. Further increase in an overall bit-rate and spectral 

efficiency was possible using DQPSK modulation format, which carries 2 bits per 

symbol [35]. The largest values of transmission distance, bit-rate per channel and 

capacity-distance product obtained in OTDM experiments with direct detection are 

4320km [49], 2.56Tbit/s [35] and 2.04 (Pbit/s • km) [45], respectively. A number of 

field OTDM experiments were performed too [38] [44] [50] to verify the behaviour of 

OTDM over installed fibres.  

 

  

2.1.4. Potential future of OTDM 

 

The past has shown that, OTDM has been typically considered as a useful interim 

experimental technique to investigate the limits of high bit-rate transmission and has 

been replaced by electrical time-division multiplexing (ETDM) as soon as the 

bandwidth of optoelectronic components allowed the desired bit-rate. ETDM-based 

devices can be preferable to the OTDM-based in terms of both stability and 

compactness – essential factors for commercial use. However, an upgrade from 

40Gbit/s to higher bit-rates has been also proposed using OTDM-only approach, where 

the OTDM transmitter prototype used with direct detection can be assembled from free-

space components [28] or as a photonic integrated circuit [44]. Owing to the recent 

developments in the generation and reception of spectrally-efficient modulation formats 

with coherent detection and elaborate digital signal processing used to mitigate 

transmission impairments, the future of OTDM with direct detection is questionable.  

The potential future of OTDM technology could be assisting researchers with 

investigation of advanced modulation formats with coherent detection at high symbol 

rates (>30Gbaud). One of the reason for the lack of demonstrations of 400Gbit/s (per 

carrier) transmission employing coherent detection is the limited bandwidth and 

sampling rate of commercially available analogue-to-digital converters (ADCs) at the 

receiver, and the high cost of an electrical part at the transmitter. The use of OTDM 

would allow optical synthesis of a 56Gbaud RZ-QAM16 signal from 28Gbaud RZ-
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QAM16 signal using a single-stage phase-stabilised multiplexer, which in combination 

with PDM yields the overall channel bit-rate of 448Gbit/s (400Gbit/s + FEC). To 

demultiplex an OTDM signal at the receiver, a pulsed local oscillator (LO) with a 

tunable delay line can be used to detect the channel of interest. The limitation of OTDM 

transmission with coherent detection is the fact that only fully dispersion-compensated 

link could be used due to the nature of the demultiplexing process at the receiver. The 

use of OTDM could also be important in investigating the potential for 1Tbit/s 

transmission per carrier using spectrally-efficient modulation.  

The feasibility to combine OTDM and coherent detection has been recently shown in 

[51] [52] [53]. Results in [52] demonstrate the first use of OTDM with coherent 

reception, in which a 480Gbit/s 8-state phase shift keying (PSK8) was generated and 

detected. Subsequent demonstrations are described in [53], where a 5.1Tbit/s QAM16 

signal was detected using a single coherent receiver and [54], where a 640Gbit/s QPSK 

signal was transmitted over 1073km.  Further transmission of 960Gbit/s PSK8 and 

1.28Tbit/s QAM16 signals – both over 480km, was shown in [55]. The highest OTDM 

bit-rate per carrier reported to date is 10.2Tbit/s obtained in [22]. Based on this review it 

is clear that more work needs to be done on OTDM transmission at “practical” bit-rates, 

such as 400Gbit/s and 1Tbit/s. Further techniques to achieve long-haul transmission 

distances also need to be tested.  
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2.2 Modulation Techniques 

 

In optical fibres the electro-magnetic waves with frequencies of ~200THz are used to 

transfer information from one point to another. In order to convey a message signal, one 

or more of the parameters of the electro-magnetic wave can be changed (modulated) 

accordingly. In most conventional optical fibre communication systems modulation is 

achieved by varying the amplitude of the optical carrier wave. However, the modulation 

of both amplitude and phase of the carrier allows for an improved utilisation of the 

complex plane, where information symbols are mapped, yielding an increased spectral 

efficiency. 

This section describes the modulation techniques used in the experiments, carried out 

in this research work. First, the concept of data modulation using electro-absorption and 

Mach-Zehnder modulators (EAMs and MZMs) is described. The operation principle of 

an MZM is described in greater details since MZM is the main building block in the 

transmitter design for the generation of advanced modulation formats; an MZM can also 

be used for generating RZ pulses with 33, 50 and 67% duty cycle (RZ33, RZ50 and 

RZ67, respectively). The rationale behind using RZ pulses instead of NRZ is their 

increased tolerance towards nonlinearity, which results in an increase in transmission 

distance and launch power margin. Next, the generation principles of QPSK and 

QAM16 signals are described; it is also pointed out that there is no standard way of 

generating a QAM16 signal and various laboratory techniques to generate QAM16 

signals are described. Although the experimental generation of higher-order modulation 

formats, such as QAM64 were outside the scope of this research work, section 2.2.6 

describes the ways to generate QAM64 for the completeness of section 2.2. 

 

2.2.1 Electro-absorption modulator (EAM) 

 

The EAM principles of operation as a data encoder and a pulse carver are shown in 

Figure 7. The optical modulation in an EAM arises from a periodic change in the 

waveguide loss in the presence of a periodical electrical field (sine-wave for pulse 

carving or data pulses for encoding), applied with a reversed bias voltage [56]. This 
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means that an electrical data pattern can be translated into the optical domain by driving 

the EAM between two discrete points, typically chosen to be located on the nonlinear 

EAM transfer function (Figure 7(a)). The latter can be particularly apparent 

in the presence of overshoots in the amplified RF signal. The strength of an electrical 

driving data signal is measured in Vp-p, which is equivalent to the s

maximum and the minimum points of the signal. To shift a point at which an electrical 

driving signal is applied, a direct-current (DC) bias (Vbias) must be 

this function is achieved in the device called “bias tee”

electrical clock signal can be applied to the EAM to provide an optical RZ pulse train. 

Figure 7(b), the operation in the nonlinear part of the EAM transfer 

function effectively reshapes the clock signal and removes some parts of it when seen in 

Both configurations were used in the OTDM experiment carried out 

in this research work to generate RZ pulses and encode the data (OOK modulation); this 

will be discussed in details in chapter 3. 

(a) (b) 

EAM principle of operation for (a) OOK modulation

 

 

Zehnder modulator (MZM) 

 

Unlike EAMs, which work by the principle of absorption, MZMs work by the 

principle of interference, controlled through the modulation of optical phase

main building block of a MZM is a 3dB fibre coupler; provided that only one input of 

the MZM is used for the incoming CW light, the relationship between the output and 

input optical fields is given in Figure 8. An important feature of a MZM is a 90° phase 

optical domain by driving 

the EAM between two discrete points, typically chosen to be located on the nonlinear 

). The latter can be particularly apparent 

in the presence of overshoots in the amplified RF signal. The strength of an electrical 

, which is equivalent to the swing between the 

maximum and the minimum points of the signal. To shift a point at which an electrical 

) must be combined with the 

tee”. In a similar way an 

electrical clock signal can be applied to the EAM to provide an optical RZ pulse train. 

nonlinear part of the EAM transfer 

function effectively reshapes the clock signal and removes some parts of it when seen in 

Both configurations were used in the OTDM experiment carried out 

d encode the data (OOK modulation); this 

 

for (a) OOK modulation (b) pulse carving. 

Unlike EAMs, which work by the principle of absorption, MZMs work by the 

optical phase [24]. The 

e coupler; provided that only one input of 

the MZM is used for the incoming CW light, the relationship between the output and 

. An important feature of a MZM is a 90° phase 
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shift between the direct-pass and cross-coupling outputs; it is this 90° phase shift that 

allows phase diversity, and implement MZMs and 90° optical hybrids (required for a 

coherent receiver). 

 

Figure 8: Transfer function of an optical fibre coupler 

 

To create a MZM, the two optical fibre couplers are placed into an interferometric 

arrangement with the voltage-controlled phase shifters as shown in Figure 9.  

 

Figure 9: Relationship between optical fields within a MZM 

 

The addition of the optical fields propagating through both arms the total optical 

output field is equal to: 
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This means that the ratio of output vs. input optical fields, and hence the field transfer 

function is represented by a periodic function, as shown in Figure 10(a). The amplitude 

transfer function is then the square of the modulus of the field transfer function 
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(Figure 10(a)), and the phase transfer function is a sign of the field transfer 

function a��  ����
��� ! (Figure 10(b)). An important conclusion of this is that both 

amplitude and phase of the signal can be modulated, depending on driving conditions. 

Another important application of a MZM is the generation of RZ pulses, when the 

MZM is driven by a sinewave. 

(a) (b) 

Figure 10: MZM transfer functions (a) Field and amplitude function (b) Phase 

function. 

 

MZMs can be manufactured using materials that exhibit the Pockels effect, such as 

lithium niobate (LiNbO3), gallium arsenide (GaAs) and indium phosphide (InP). The 

InP technology is currently seen to be dominant in manufacturing small size devices, 

leading to the possibility of large-scale monolithic integration [57]. In transmission 

laboratories, where small size of the transmitter/receiver is not a crucial, LiNbO3 and 

GaAs modulators are more common. The Pockels effect manifests itself as a linear 

change in refractive index in the presence of an electric field. The periodically changing 

refractive index causes the difference in signal propagation speed and, hence, induces a 

periodically varying phase shift. The phase modulation can be converted into an 

amplitude modulation, when using the interference between the two arms in a Mach-

Zehnder configuration. Such modulators can be used in a single-sided operation (only 

one voltage source) or push-pull operation (two voltage sources operated with opposite 

phases). The advantage of a push-pull MZM is the smaller driving voltage required and 

the reduced footprint due to the smaller size of the MZM. 
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2.2.3. Diverse functionality of a MZM 

 

2.2.3.1.Data modulation 

As mentioned previously a MZM can be used for the generation of OOK or binary 

phase-shift keyed (BPSK) signals, when an electrical data pattern is applied at its input, 

and for the generation of RZ33, RZ50 and RZ67 pulses, when an electrical clock signal 

is applied. To generate an OOK signal, a MZM should be biased exactly in the middle 

of its transfer function and driven with a binary electrical signal over Vπ for best 

performance. Figure 11 illustrates this process for a randomly chosen segment of a 

PRBS pattern. The difference between the maximum and minimum points of the 

transfer function determines the extinction ratio of the resulting signal, and is a unique 

feature of a particular modulator. Using the complete swing between the two extreme 

points yields the highest modulation depth for a given modulator; the nonlinearity of the 

MZM also results in the suppression of electrical noise transfer into the optical domain. 

A MZM can be also used to modulate the phase of the optical field when the 

modulator is biased at the null of the transfer function (in terms of amplitude) and 

driven over 2Vπ (Figure 12). Although twice as much RF power is needed to achieve 

phase modulation, the current generation of modulators has 2Vπ of around 5V [57], 

which can be easily generated using commercially available broadband amplifiers. As in 

the case of OOK, the nonlinearity of the modulator transfer function allows for the 

suppression of the electrical noise transfer into the optical domain. In theory, the 

generated optical BPSK signal should have a single intensity level since no amplitude 

modulation is present. In practice, the electrical driving signal has finite rise and fall 

times, which results in the presence of transitions through the minimum point of the 

transfer function (Figure 12). 



 

Figure 

 

 

Figure 

 

A convenient representation of amplitude

obtained via a constellation diagram

complex plane. For a binary intensity
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Figure 11: Generation of an OOK modulated signal

Figure 12: Generation of a BPSK modulated signal

A convenient representation of amplitude- and phase-modulated signals can be 

obtained via a constellation diagram – the representation of signal symbols

complex plane. For a binary intensity-modulated signal the two constellation points 

 

d signal 

 

ed signal 

modulated signals can be 

the representation of signal symbols on a 

modulated signal the two constellation points 



 

(that is, logical ‘ones’ and ‘zeros’) are located at (0,0) and (1,0) to emphasise that no 

phase modulation is present (

points are at (1,0) and (

13(b)).   

(a)

Figure 13: 

 

2.2.3.2.Pulse shaping

The receiver sensitivity benefit by using RZ pulses instead of NRZ is well studied for 

optically pre-amplified systems

pulses stems from the fact that

EDFA, an RZ data signal has 

instance, RZ signal with 50% duty cycle (RZ50) have twice

power. Since the optical receiver respond to peak optical power, rather than average 

optical power, the use of RZ

sensitivity. In practice, due to the increased shot noise associ

power, the actual benefit in receiver sensitivity is reduced to ~2dB.

of RZ signals in systems with direct detection is the presence of a clock tone in the RZ 

spectrum, which could simplify the design of the clock 

However, unlike systems with direct detection both NRZ and RZ pulse shapes 

provide very similar receiver sensitivities when coherent detection is used

systems employing coherent detection

their higher tolerance towards nonlinearity due to reduced phase

adjacent frequency components during propagation over 
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(that is, logical ‘ones’ and ‘zeros’) are located at (0,0) and (1,0) to emphasise that no 

phase modulation is present (Figure 13(a)). For BPSK signals 

points are at (1,0) and (-1,0) due the presence of π phase shift between the two (

 

(a) (b)

: Constellation diagrams of (a) OOK and (b) BPSK signals

Pulse shaping 

The receiver sensitivity benefit by using RZ pulses instead of NRZ is well studied for 

amplified systems with direct detection [58] [59]

stems from the fact that for the same average optical power at the output of an 

EDFA, an RZ data signal has a higher peak power than an NRZ data signal. 

instance, RZ signal with 50% duty cycle (RZ50) have twice 

Since the optical receiver respond to peak optical power, rather than average 

optical power, the use of RZ50 signals yields a theoretical 3dB advantage in receiver 

sensitivity. In practice, due to the increased shot noise associated with a higher peak 

power, the actual benefit in receiver sensitivity is reduced to ~2dB.

of RZ signals in systems with direct detection is the presence of a clock tone in the RZ 

spectrum, which could simplify the design of the clock recovery.  

However, unlike systems with direct detection both NRZ and RZ pulse shapes 

provide very similar receiver sensitivities when coherent detection is used

employing coherent detection the main advantage of using RZ data pulses is 

their higher tolerance towards nonlinearity due to reduced phase

adjacent frequency components during propagation over a dispersive medium

(that is, logical ‘ones’ and ‘zeros’) are located at (0,0) and (1,0) to emphasise that no 

 the two constellation 

1,0) due the presence of π phase shift between the two (Figure 

 

(b) 

of (a) OOK and (b) BPSK signals 

The receiver sensitivity benefit by using RZ pulses instead of NRZ is well studied for 

]. This benefit of RZ 

for the same average optical power at the output of an 

an NRZ data signal. For 

 the NRZ signal peak 

Since the optical receiver respond to peak optical power, rather than average 

yields a theoretical 3dB advantage in receiver 

ated with a higher peak 

power, the actual benefit in receiver sensitivity is reduced to ~2dB. Another advantage 

of RZ signals in systems with direct detection is the presence of a clock tone in the RZ 

 

However, unlike systems with direct detection both NRZ and RZ pulse shapes 

provide very similar receiver sensitivities when coherent detection is used [60] [61]. For 

the main advantage of using RZ data pulses is 

their higher tolerance towards nonlinearity due to reduced phase-matching between 

dispersive medium [62]. This 
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means that more optical power can be launched into the fibre, hence, the maximum 

reach and the launch power margin can be improved. It must be noted that the broader 

spectrum of RZ data pulses compared to NRZ is also a cause of the disadvantages of RZ 

over NRZ, such as reduced spectral efficiency, increased WDM cross-talk and the need 

for higher-bandwidth analogue-to-digital converters (ADCs) at the receiver [9].  

The use of RZ pulses in transmission over an uncompensated link and coherent 

detection, however, is not well-studied experimentally. Notable exceptions are [61] 

[63], where the benefit of using RZ pulses with 50% duty cycle (RZ50) was 

investigated for experimental configurations involving the interleaved, rather than 

aligned, polarisations. An interesting conclusion was also given in [64] - the 

performance of NRZ, RZ50 and RZ with 67% duty cycle (RZ67) pulses (both for 

aligned and interleaved polarisations) strongly depends on the bandwidth of the optical 

filtering in the WDM multiplexer. The results in [64] show that the RZ modulation 

prefers a narrower optical bandwidth compared to NRZ, and the advantage of using RZ 

instead of NRZ is apparent also when tight filtering is present. The latter is in agreement 

with the experimental results carried out in this research work. This is due to the fact 

that the narrow optical filtering converts an RZ pulse into a high-quality NRZ signal 

with less inter-symbol interference, compared with a conventional NRZ signal subjected 

to narrow optical filtering [64]. 

RZ50, RZ67 and RZ with 33% duty cycle (RZ33) pulses can be generated by driving 

a MZM with a clock signal at appropriate frequency, Vp-p and the bias condition. To 

generate RZ33 pulses the MZM must be biased at the maximum point of its transfer 

function with a clock signal equal to 2Vπ (Figure 14). The generation of RZ67 pulses 

requires the MZM to be biased at the minimum point of its transfer function with a 

clock signal also equal to 2Vπ (Figure 15). An interesting conclusion is that for both 

RZ33 and RZ67 pulse train generation only a half-clock rate is needed (e.g. 14GHz 

clock signal is needed for 28Gbaud signals), which could reduce the cost of the 

components used at the transmitter. However, the use of RZ33 and RZ67 pulse shapes 

also requires the RF amplifier with twice the output voltage (compared to RZ50), 

therefore, creating a practical trade-off between the reduced bandwidth and an increased 

power of the driving signal.  

To generate RZ50 pulses, the MZM needs to be biased in the middle of its transfer 

function (in terms of amplitude) and driven symmetrically by a full-clock rate over Vπ – 



 

that is between maxim

While the clock frequency required to generate 

required for RZ33 and RZ67 signals, the 

signal generation is only half 

course of this research work the experimental investigation 

pulses; the further comparison 

simulations (section 5
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maximum and minimum points of the transfer function (

While the clock frequency required to generate an RZ50 signal is twice the freque

required for RZ33 and RZ67 signals, the required strength of the 

signal generation is only half that needed for the generation of other duty cycles. In the 

course of this research work the experimental investigation wa

pulses; the further comparison between RZ33 and RZ67 pulses was

5.2). 

Figure 14: Generation of RZ33 pulse train

 

Figure 15: Generation of RZ67 pulse train

of the transfer function (Figure 16). 

RZ50 signal is twice the frequency 

strength of the clock signal for RZ50 

needed for the generation of other duty cycles. In the 

was focused on RZ50 

was carried out in the 

 

Generation of RZ33 pulse train 

 

Generation of RZ67 pulse train 



 

The experimental comparison of RZ pulses vs. NRZ is carried out in this research 

work for both QPSK (sections 

signals) transmission. The 

experimental comparison of two pulse shapes in terms of the maximum reach, in both 

QPSK and QAM16 transmission.

   

2.2.4. QPSK g

An advantage of QPSK modulated signals over OOK or BPSK signals is

higher spectral efficiency and twice lower symbol rate to obtain an equivalent overall 

bit-rate. A QPSK signal can be generated 

structure employing three MZMs. 

and, hence, is cheap to implement, it also suffers from the conversion of phase noise 

into intensity noise. For this reason, most QPSK transmitters are based on the nested 

structure with 3 modulators. 

In the nested structure 

adjusted to obtain π phase difference between
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Figure 16: Generation of RZ50 pulse train

 

The experimental comparison of RZ pulses vs. NRZ is carried out in this research 

work for both QPSK (sections 4.1.3 and 5.1) and QAM16 (sections 

signals) transmission. The obtained results represent the first comprehensive 

experimental comparison of two pulse shapes in terms of the maximum reach, in both 

QPSK and QAM16 transmission. 

QPSK generation 

 

An advantage of QPSK modulated signals over OOK or BPSK signals is

higher spectral efficiency and twice lower symbol rate to obtain an equivalent overall 

A QPSK signal can be generated using a phase modulator or 

structure employing three MZMs. While the former option requires only 

and, hence, is cheap to implement, it also suffers from the conversion of phase noise 

into intensity noise. For this reason, most QPSK transmitters are based on the nested 

structure with 3 modulators.  

In the nested structure (Figure 17) voltages V1(t), V2(t), V3(t) and V

adjusted to obtain π phase difference between the two arms of 

 

Generation of RZ50 pulse train 

The experimental comparison of RZ pulses vs. NRZ is carried out in this research 

.1) and QAM16 (sections 4.2.3 and 5.2 

obtained results represent the first comprehensive 

experimental comparison of two pulse shapes in terms of the maximum reach, in both 

An advantage of QPSK modulated signals over OOK or BPSK signals is twice 

higher spectral efficiency and twice lower symbol rate to obtain an equivalent overall 

using a phase modulator or in a nested 

While the former option requires only one modulator 

and, hence, is cheap to implement, it also suffers from the conversion of phase noise 

into intensity noise. For this reason, most QPSK transmitters are based on the nested 

(t) and V4(t) need to be 

two arms of the inner MZMs and, 



 

hence, generate two BPSK signals. Within the outer MZM the two BPSK signals are 

shifted by π/2 with respect to

interference of the two BPSK signals with π/2 phase difference yields a QPSK signal

shown in Figure 18. During the interference the two BPSK signals shown in red and 

blue disappear to produce QPSK symbols (shown in black)

 

Figure 17

 

Such a modulator for QPSK signal 

signal can have one of four phase values at a time [0, π/2, π, 3π/4], which means that 

each symbol can transmit two bits of information. The QPSK symbols are

Gray coded (e.g. the adjacent symbols have only one bit difference)

between neighbouring quadrants is equivalent to the change in state of only one MZM, 

while the transition between 
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hence, generate two BPSK signals. Within the outer MZM the two BPSK signals are 

shifted by π/2 with respect to each other by varying the voltages V

interference of the two BPSK signals with π/2 phase difference yields a QPSK signal

. During the interference the two BPSK signals shown in red and 

produce QPSK symbols (shown in black). 

17: Structure of an in-phase and quadrature (I-Q

 

 

Figure 18: QPSK signal generation concept

modulator for QPSK signal generation was first proposed in

signal can have one of four phase values at a time [0, π/2, π, 3π/4], which means that 

each symbol can transmit two bits of information. The QPSK symbols are

(e.g. the adjacent symbols have only one bit difference)

between neighbouring quadrants is equivalent to the change in state of only one MZM, 

while the transition between the opposite quadrants is equivalent to 

hence, generate two BPSK signals. Within the outer MZM the two BPSK signals are 

the voltages V5(t) and V6(t). The 

interference of the two BPSK signals with π/2 phase difference yields a QPSK signal, as 

. During the interference the two BPSK signals shown in red and 

 

Q) modulator 

 

concept 

generation was first proposed in [65]. A QPSK 

signal can have one of four phase values at a time [0, π/2, π, 3π/4], which means that 

each symbol can transmit two bits of information. The QPSK symbols are inherently 

(e.g. the adjacent symbols have only one bit difference), since the transition 

between neighbouring quadrants is equivalent to the change in state of only one MZM, 

opposite quadrants is equivalent to both MZMs 
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changing their states. The Gray coding is important to minimise the BER when a 

symbol error occurs. For non-Gray-coded signals the BER could be increased by up to 

two times for QPSK, four times for QAM16, six-times for QAM64 etc.  

 

 

2.2.5. QAM16 generation 

 

QAM16 modulation offers twice higher spectral efficiency than QPSK and further 

reduces the required symbol rate to obtain the equivalent overall bit-rate, albeit, at the 

expense of an increased required OSNR, and worse performance in the linear and 

nonlinear transmission regime. A QPSK signal has 6.8dB lower required OSNR than 

QAM16 signal for the same symbol rate of 28Gbaud, and also 3.8dB lower required 

OSNR for the same bit rate of 112Gbit/s, as shown in Figure 19. The theoretical back-

to-back dependence of BER vs. OSNR is calculated according to [66]. QAM16 will also 

have reduced tolerance towards nonlinearity than QPSK because of the presence of 3 

intensity levels and, hence, higher peak-to-mean ratio. Also, as will be described in 

section 2.3.1 the DSP for QAM16 signals is more complicated than for QPSK, in 

particular, adaptive equalisation and carrier phase estimation. 

To date, few techniques have been proposed to generate QAM16 signals. Perhaps the 

most prominent generation technique involves the synthesis of two 4-level electrical 

signals to drive the two arms of an I-Q modulator. In the simplest implementation an I-

Q modulator is driven by two electrical signals with equally spaced amplitude levels 

over the linear part of its transfer function. In such configuration, the equally spaced 

electrical amplitude levels are linearly converted into the optical domain creating two 4-

state amplitude shift keyed (4-ASK) signals (Figure 20(a)). An alternative to equally 

spaced amplitude levels is to pre-distort a 4-level electrical driving signal in order to 

drive an I-Q modulator over 2Vπ, as shown in Figure 20(b). Although in both cases the 

generated 4-ASK signal contains equally spaced optical levels, the latter configuration 

allows to exploit the full modulation depth of the modulator and suppress the noise in 

some of the QAM16 symbols, albeit, at the expense of increased transmitter complexity. 

 



 

Figure 19: Comparison of 

 

(a)

Figure 20: Generation of 4

equally spaced electrical levels

 

Within the I-Q modulator the two 

when two 4-ASK signals interfere at the output of a 

(MZI) a QAM16 signal is generated (

generation, the generation mechanism can be considered as 

a complex plane. As a result of the interference,

in Figure 21 disappear
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Comparison of theoretical linear performance of QAM16 vs

 

(a) (b)

Generation of 4-ASK optical with a 4-level electrical signal with (a) 

qually spaced electrical levels; (b) pre-distorted electrical levels

Q modulator the two 4-ASK signals are then phase shifted by 

ASK signals interfere at the output of a Mach-Zehnder interferometer 

a QAM16 signal is generated (Figure 21). In a similar way as in QPSK 

generation mechanism can be considered as superposition

As a result of the interference, the ‘red’ and ‘blue’ constellation points 

disappear.  

 

QAM16 vs. QPSK 

 

(b) 

level electrical signal with (a) 

distorted electrical levels 

phase shifted by π/2, so 

Zehnder interferometer 

In a similar way as in QPSK 

superposition of vectors on 

the ‘red’ and ‘blue’ constellation points 



 

Figure 21: An illustration of Q

The 4-level electrical signals can be obtained 

electrical signals with different intensity levels from the pulse pattern generator (PPG) 

or using an arbitrary waveform generator (AWG). The first approach is typically limited 

by the signal-to-noise ratio (SNR) of the 4

Q modulator is driven in the linear part of its transfer function, leading to 

noise transfer into the

signal is due to the fact that th

different amplitude levels

(Figure 22). Because of this property, part of the RF power 

through port 2 and reach

Although this could be mitigated b

to reduce the reflected power

4-level electrical NRZ signal and, hence, the

signal generation using 4

followed by the demonstrations in 

Figure 22: Back
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An illustration of QAM16 signal generation using two 4

driving signals 

 

level electrical signals can be obtained either by combining two NRZ 

electrical signals with different intensity levels from the pulse pattern generator (PPG) 

or using an arbitrary waveform generator (AWG). The first approach is typically limited 

noise ratio (SNR) of the 4-level electrical signal and the fact that the I

Q modulator is driven in the linear part of its transfer function, leading to 

the optical domain. The limitation in the SNR of the 4

due to the fact that the power dividers, used to combine two binary signals with 

different amplitude levels, are symmetric devices and, therefore, also act as splitters 

). Because of this property, part of the RF power 

and reach the output of the RF amplifier, causing distortions (

Although this could be mitigated by placing additional attenuator 

to reduce the reflected power, this will inevitably reduce the peak-

level electrical NRZ signal and, hence, the modulation depth (

signal generation using 4-level driving signals from a PPG was 

by the demonstrations in [68] [69].  

Back-reflections as a result of combining two binary signals

 

using two 4-level electrical 

either by combining two NRZ 

electrical signals with different intensity levels from the pulse pattern generator (PPG) 

or using an arbitrary waveform generator (AWG). The first approach is typically limited 

electrical signal and the fact that the I-

Q modulator is driven in the linear part of its transfer function, leading to electrical 

of the 4-level electrical 

used to combine two binary signals with 

are symmetric devices and, therefore, also act as splitters 

). Because of this property, part of the RF power from port 1 will exit 

causing distortions (Figure 23). 

 after the RF amplifier 

-to-peak voltage of the 

modulation depth (Figure 24). QAM16 

PPG was first proposed in [67], 

 

of combining two binary signals 



 

Figure 23: (a) Schematic

driving signals in the

Figure 24: (a) Schematic

driving signals for a QAM16 transmitter

 

The disadvantage of the second approach is 

AWGs is limited by the 

24Gbaud assuming only 

symbol rate at the output of the AWG is lower due to its limited bandwidth (typically 

<10GHz). Another drawback of AWGs is the limited electrical output power (

which means that a high

exploit the modulation depth of an I

Alternatively, QAM16 signals can be generated optically by combining two optical 

QPSK signals with different amplitude levels in a

optical generation of 
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(a) 

(a) Schematic diagram of the generation of two high

in the QAM16 transmitter; (b) measured eye diagram of a 

4-level electrical signal (Vp-p = 5.5V) 

 

 

(a) 

(a) Schematic diagram of the generation of two low

driving signals for a QAM16 transmitter; (b) measured eye diagram of a corresponding 

4-level electrical signal (Vp-p = 3V) 

The disadvantage of the second approach is that the speed of current state

the sampling rate (24GSamples/s), corresponding to a maximum of

assuming only 1 sample per symbol. In practice, however, the achievable 

symbol rate at the output of the AWG is lower due to its limited bandwidth (typically 

Another drawback of AWGs is the limited electrical output power (

which means that a high-quality linear data amplifier may need to be used to fully 

exploit the modulation depth of an I-Q modulator. 

Alternatively, QAM16 signals can be generated optically by combining two optical 

QPSK signals with different amplitude levels in a MZI. The inherent advantage of the 

optical generation of the QAM16 signal is that no complicated set

 

(b) 

two high-power/low SNR 

ye diagram of a corresponding 

 

(b) 

low-power/high SNR 

eye diagram of a corresponding 

that the speed of current state-of-the-art 

, corresponding to a maximum of 

actice, however, the achievable 

symbol rate at the output of the AWG is lower due to its limited bandwidth (typically 

Another drawback of AWGs is the limited electrical output power (~1Vp-p), 

ay need to be used to fully 

Alternatively, QAM16 signals can be generated optically by combining two optical 

. The inherent advantage of the 

is that no complicated set-up for obtaining 



 

multilevel electrical signal is needed. In other words, the complexity is 

the electrical and optical domains. The principle of

interfering two QPSK signals with 6dB difference in amplitude is shown in 

where the large-intensity ring is shown in solid line and small

dashed line. When 

determines the quadrant where a QAM16 symbol is mapped, while the small amplitude 

QPSK signal determine

Figure 25 disappear during 

 

Figure 25: An illustration of QAM16 signal generation using two QPSK signals with 

Such a technique for QAM16 generation has been p

based platform at a 

device affected the symmetry of the obtained QAM16 constellation

constellation asymmetry has been recently solved in 

techniques involve an in

signals [26] [72], dual

4 data streams in a photonic integrated circui

 

2.2.6 Generation of higher

 

The results of the laboratory experiments

feasibility of achieving up to 4240km at 112Gbit/s, 2000km at 224Gbit/s and 1200km at 

448Gbit/s (all carried out as part of this research work)
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vel electrical signal is needed. In other words, the complexity is 

electrical and optical domains. The principle of QAM16 signal generation by 

interfering two QPSK signals with 6dB difference in amplitude is shown in 

intensity ring is shown in solid line and small-intensity ring shown in 

 two QPSK signals interfere, the large-amplitude QPSK signal 

determines the quadrant where a QAM16 symbol is mapped, while the small amplitude 

QPSK signal determines the phase within each quadrant (‘red’ constellation points in 

disappear during interference). 

 

An illustration of QAM16 signal generation using two QPSK signals with 

6dB difference between amplitude levels 

 

technique for QAM16 generation has been previously 

a symbol rate of 12.5Gbaud; however, the bias 

device affected the symmetry of the obtained QAM16 constellation

symmetry has been recently solved in [71]. Other QAM16 generation 

involve an in-series cascade of data modulators driven by binary electrical 

, dual-drive MZM driven by 4-level signals [73], 

4 data streams in a photonic integrated circuit (PIC) [74]. 

2.2.6 Generation of higher-order modulation formats

The results of the laboratory experiments of QAM16 signal transmission show the 

feasibility of achieving up to 4240km at 112Gbit/s, 2000km at 224Gbit/s and 1200km at 

(all carried out as part of this research work). These transmission distances 

vel electrical signal is needed. In other words, the complexity is shared between 

QAM16 signal generation by 

interfering two QPSK signals with 6dB difference in amplitude is shown in Figure 25, 

intensity ring shown in 

amplitude QPSK signal 

determines the quadrant where a QAM16 symbol is mapped, while the small amplitude 

the phase within each quadrant (‘red’ constellation points in 

An illustration of QAM16 signal generation using two QPSK signals with 

reviously realised on a PLC-

bias instability of the 

device affected the symmetry of the obtained QAM16 constellation [70]. The QAM16 

Other QAM16 generation 

driven by binary electrical 

, and an interference of 

order modulation formats 

of QAM16 signal transmission show the 

feasibility of achieving up to 4240km at 112Gbit/s, 2000km at 224Gbit/s and 1200km at 

These transmission distances 



 

are expected to be further increased with the technological advances in the generation 

and reception of high

is the potential of the modulation formats

QAM64? The QAM64 transmission experiments

work; however, this section briefly outlines the two techniques that could be used to

generate a QAM64 signal. The techniques to generate a QAM64 signal are based on t

extension of those used for QAM16 generation.

on the complex plane, 

means that a 112Gbit/s bit

employing polarisation division multiplexing

The QAM64 signal can be generated by 

point of its transfer function and 

signals. The principle of QAM64 signal gen

signals is shown in Figure 

constellation points disappear during 

technique can be rea

quality) or using a custom built 

recently been successfully demonstrated in 

 

Figure 26: QAM64 signal generation using two 8

The QAM64 signal can also

two QPSK signals are attenuated by 6dB and 12dB with respect to 
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are expected to be further increased with the technological advances in the generation 

and reception of high-speed QAM16 signals. The next logical research question is: what 

the modulation formats with even higher spectral efficiency

The QAM64 transmission experiments were outside the scope of this research 

; however, this section briefly outlines the two techniques that could be used to

generate a QAM64 signal. The techniques to generate a QAM64 signal are based on t

extension of those used for QAM16 generation. Because of the 64 constellation points 

on the complex plane, one QAM64 symbol can encode 6 bits (i.e. 6 bits/symbol)

means that a 112Gbit/s bit-rate can be achieved at a symbol rate of 

mploying polarisation division multiplexing (PDM).  

QAM64 signal can be generated by biasing an I-Q modulator at the minimum 

point of its transfer function and driving the modulator with 

. The principle of QAM64 signal generation using an interference of two 8

Figure 26. As in the case of QAM16 generation the ‘blue’ and ‘red’ 

constellation points disappear during the interference. In practice such generation 

technique can be realised using an AWG (albeit with limitation in speed and signal 

quality) or using a custom built digital-to-analogue converter (

recently been successfully demonstrated in [75]. 

QAM64 signal generation using two 8-level electrical driving signals

 

QAM64 signal can also be generated by interfering three QPSK signals, where 

two QPSK signals are attenuated by 6dB and 12dB with respect to 

are expected to be further increased with the technological advances in the generation 

The next logical research question is: what 

even higher spectral efficiency, such as 

were outside the scope of this research 

; however, this section briefly outlines the two techniques that could be used to 

generate a QAM64 signal. The techniques to generate a QAM64 signal are based on the 

Because of the 64 constellation points 

encode 6 bits (i.e. 6 bits/symbol), which 

at a symbol rate of only 9.3Gbaud 

Q modulator at the minimum 

modulator with two 8-level electrical 

using an interference of two 8-ASK 

. As in the case of QAM16 generation the ‘blue’ and ‘red’ 

interference. In practice such generation 

using an AWG (albeit with limitation in speed and signal 

analogue converter (DAC), which has 

 

level electrical driving signals 

be generated by interfering three QPSK signals, where 

two QPSK signals are attenuated by 6dB and 12dB with respect to the non-attenuated 



 

QPSK signal. The amplitudes of three QPSK signals used in the interference are

in Figure 27 in ‘red’, ‘blue’ and ‘black’ colours. The large amplitude QPSK signal 

determines the quadrant where the QAM64 

amplitudes produce four QAM16 signals

 

Figure 27: QAM64 signal generation using three QPSK signals with 6dB and 12dB 

difference between amplitude levels

and are shown 

2.2.6 Literature review on advanced

 

In the mid 2000’s 

revival of coherent detection following the advances in clock speed of silicon chips. 

This facilitated the use of complex modulation formats without OTDM to achieve the 

desired bit-rate. The simplest forms of m

BPSK and QPSK (equivalent to DPSK and DQPSK, respectively, when differential 

direct detection is used). To further increase the capacity and spectral efficiency more 

complex modulation formats, such as QAM16 or QA

noting that advanced 

successfully implemented in radio systems, 

very recent research trend.

45 

The amplitudes of three QPSK signals used in the interference are

in ‘red’, ‘blue’ and ‘black’ colours. The large amplitude QPSK signal 

determines the quadrant where the QAM64 symbols are mapped, while two other QPSK 

amplitudes produce four QAM16 signals, as described previously. 

QAM64 signal generation using three QPSK signals with 6dB and 12dB 

difference between amplitude levels (blue and red points disappear during 

and are shown to help understand the generation process

 

 

2.2.6 Literature review on advanced modulation formats

s the interest in the OTDM technique diminished, mainly due to the 

revival of coherent detection following the advances in clock speed of silicon chips. 

This facilitated the use of complex modulation formats without OTDM to achieve the 

rate. The simplest forms of modulation used with coherent detection are 

and QPSK (equivalent to DPSK and DQPSK, respectively, when differential 

detection is used). To further increase the capacity and spectral efficiency more 

modulation formats, such as QAM16 or QAM64, can be used. It is worth 

noting that advanced modulation formats have been extensively studied and 

successfully implemented in radio systems, however, their use in the

recent research trend. 

The amplitudes of three QPSK signals used in the interference are shown 

in ‘red’, ‘blue’ and ‘black’ colours. The large amplitude QPSK signal 

symbols are mapped, while two other QPSK 

as described previously.  

 

QAM64 signal generation using three QPSK signals with 6dB and 12dB 

d red points disappear during interference 

the generation process) 

modulation formats 

OTDM technique diminished, mainly due to the 

revival of coherent detection following the advances in clock speed of silicon chips. 

This facilitated the use of complex modulation formats without OTDM to achieve the 

odulation used with coherent detection are 

and QPSK (equivalent to DPSK and DQPSK, respectively, when differential 

detection is used). To further increase the capacity and spectral efficiency more 

64, can be used. It is worth 

modulation formats have been extensively studied and 

the optical domain is a 
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 The most widespread modulation format to date is QPSK with polarisation division 

multiplexing (PDM), where the data is transmitted on two polarisations simultaneously 

to yield 2 bits of information per transmitted symbol per polarisation. The first 

implementation of a QPSK signal generation from discrete components (MZMs) was 

shown in 2002 [65], and later in 2003 demonstrated as a photonic integrated circuit 

(PIC) [76]. A number of high-performance QPSK experiment have been carried out 

since then. This includes the highest capacity-distance product, arguably the most 

important single parameter defining the fidelity of an optical system, of 141 (Pbit/s • 

km) [15]. In this experiment 198 PDM RZ-QPSK wavelength channels were 

successfully transmitted over 6860km. Another experiment demonstrated a record 

spectral efficiency (SE)-distance product of 43 (Mm • bit/s/Hz) [77], surpassing the 

previous record of 33.7 (Mm • bit/s/Hz) [14]. This experiment was based on a PDM-

QPSK configuration, with 3.6 bit/s/Hz of SE and the maximum transmission distance of 

9360km. 

An alternative to PDM-QPSK is polarisation switched (PS)-QPSK, where a symbol 

is transmitted only on one polarisation at a time, resulting in 3 bits per symbol. This 

means that PS-QPSK requires a higher symbol rate than PDM-QPSK to obtain the same 

overall bit-rate. The generation and transmission of PS-QPSK has been recently 

demonstrated in [78] [79] with the conclusions that PS-QSPK has a ~0.7dB advantage 

in the required OSNR compared to PDM-QPSK. The results in [79] showed that at 

42.9Gbit/s this benefit in the required OSNR could translate into a 30% improvement in 

the maximum reach. PS-QPSK modulation format is expected to be an active topic of 

research in years to come, particularly for long-haul transoceanic applications.  

The most promising solution to obtain bit-rates exceeding 100Gbit/s is by using more 

complex modulation formats, such as PSK8, QAM8, QAM16, QAM64 etc.  The 

generation of both PSK8 and QAM8 signals requires an additional phase modulator 

[80] and both signals can transmit 3 bits/symbol per polarisation (i.e. 6 bits/symbol 

when PDM is used). PSK8 has a higher tolerance to nonlinearity than QAM8 due to its 

constant modulus, which reduces the peak-to-mean power. However, QAM8 can 

tolerate 1.5dB more ASE noise than PSK8 due to the more efficient allocation of 

constellation points on the complex plane [80]. The transmission of both PSK8 and 

QAM8 has been successfully demonstrated to achieve high capacity. In 2008, a 

transmission of 17Tbit/s PSK8 signal has been demonstrated in [81] – this was a record 
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achieved capacity within the C-band EDFA bandwidth at the time of the publication. 

The results in [82] have also showed the feasibility of achieve long-haul distances of up 

to 2800km (carried out for a 30Gbit/s RZ-PSK8 signal). The same authors from NEC 

Labs and AT&T Labs have later demonstrated transmission of a 32Tbit/s RZ-QAM8 

signal over 580km [83], which was the highest overall capacity at the time of  

publication. 

To further increase the capacity and spectral efficiency, QAM16 modulation can be 

used to transmit 4 bits/symbol per polarisation (8 bits/symbol for PDM), which also 

allows to obtain 200Gbit/s and potentially 400Gbit/s with a relatively modest electrical 

bandwidth. Over the last 2-3 years substantial progress has been achieved in generating 

QAM16 signals, which is a non-straightforward task (possible ways of generating 

QAM16 have been outlined in section 2.2.5). A number of QAM16 transmission 

experiments have been carried out for bit-rates of up to 448Gbit/s. The first notable 

100Gbit/s transmission was carried out in [67], where a WDM QAM16 signal was 

transmitted over 315km. The same group from Bell Labs later increased the 

transmission distance to 1022km [84]. A further refinement of the process of QAM16 

generation allowed to decrease the implementation penalty to 1.5dB (at the BER = 

3x10
-3
) and increase the maximum transmission distance to 4320km - both values were 

achieved in the course of this research work and represent the best 112Gbit/s QAM16 

performance reported to date.  

The transmission of 200Gbit/s QAM16 has been also recently demonstrated in [10] 

[68] [69] [85]. The results in [68] show the feasibility of achieving 480km WDM 

QAM16 transmission using NRZ pulses and SMF link with EDFAs only. As shown in 

[69] the transmission distance could be further increased to 1500km when using RZ50 

pulses, advanced fibre type and hybrid optical amplification. The lowest 

implementation penalty of 224Gbit/s QAM16 reported to date is 3.4dB (measured at the 

BER = 1x10
-3
); this work showed 2000km transmission in a single-channel experiment 

and 1200km in WDM – both achieved for NRZ pulses, advanced fibre type and Raman 

amplification. Finally, the experiments carried out as a part of this research work [10] 

show that the same 2000km reach could be achieved for a conventional SMF link with 

EDFAs only. This is an important consideration for a potential upgrade of existing 

links, many of which are based on SMF. The results presented in this research work also 
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represent the first experimental comparison of NRZ and RZ50 pulse shapes – both with 

and without the use of digital nonlinearity compensation (NLC) [9] [10]. 

  The generation of 400Gbit/s per carrier using QAM16 modulation is also possible; 

however, it requires high-bandwidth components at the transmitter and receiver, which 

increases the complexity and cost to generate and detect such signals. To date, the only 

demonstration of 400Gbit/s QAM16 generation is reported in [5]; this work also 

demonstrated 1200km transmission. The highest detected data rate to date is 606-Gb/s 

[86], achieved using orthogonal frequency-division multiplexed (OFDM) signals with 

QAM32. 

 

Parameter Value Reference Author/Group 

Capacity-Distance 

Product 

141 Pbit/s x km [15] Cai J.-X./TE Subcom 

Capacity 101.7Tbit/s [16] Qian D./NEC Labs 

Spectral Efficiency 11bits/s/Hz [16] Qian D./NEC Labs 

Spectral Efficiency-

Distance Product 

43 Mm x bit/s/Hz [77] Foursa D./TE Subcom 

Longest reach 

(40G) 

17900km [77] Foursa D./TE Subcom 

Highest detected 

rate 

606Gbit/s [86] Liu X./Bell Labs 

Highest QAM order QAM512 [87] Okamoto S./Tohoku 

University 

Table 2. Record experimental results for coherently detected advanced modulation 

formats 
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The generation and transmission of higher-order QAM signals has also been 

demonstrated in a number of experiments. Notable examples are [88] [89]. In [88] 

64Tbit/s QAM36 was transmitted over 320km, while the results in [89] show the 

generation and 400km transmission of 400Gbit/s signal using QAM32 modulation and 

spectral efficiency of 8.37 bit/s/Hz. The most successful demonstrations of QAM64 

generation are reported in [75], where two 8-level electrical signals were generated with 

a custom-built high-power DAC, and [90], where an AWG was used. Both also reported 

transmission distances of 400km for a 21.4Gbaud QAM64 [75] and 1280km for a 

10Gbaud QAM64 [90], respectively. The experiment in [16] demonstrates the record 

total capacity of 101.7Tbit/s employing a QAM128 OFDM signal. This exceeded the 

previous record in the total capacity of 69.1Tbit/s achieved using a QAM16 modulation 

[91]. An experiment in [16] also demonstrated the highest SE of 11bits/s/Hz reported to 

date. The only demonstration of QAM512 generation and transmission at 54Gbit/s is 

reported in [87]. Table 2 highlights the record experimental results for coherently 

detected advanced modulation formats reported to date. 

A promising way to obtain the bit-rates, potentially exceeding 1Tbit/s is by using a 

“super-channel” approach, which can be implemented either using Nyquist WDM or 

OFDM techniques. In both cases a “super-channel” is assembled from multiple lower-

rate closely spaced subcarriers. The main advantages of OFDM include a well-define 

narrow optical spectrum, resulting in high achievable spectral efficiencies [92], and 

implicit parallelisation, which enables a slower signal processing speed [93]. The main 

disadvantages of OFDM technique include the requirement for the DAC at the 

transmitter, leading to an increase in the cost and complexity of the system, and the fact 

that an OFDM signal has a higher peak-to-mean ratio, which reduces its tolerance 

towards nonlinearity [92]. The Nyquist WDM approach relies on the generation of 

multiple closely-spaced WDM channels with tight spectral shaping (up to the baud-rate 

spacing), which are bundled together to create a “super-channel”. Several “super-

channels” can then be combined in a similar way as in the conventional WDM 

transmitter with a certain guard-band (e.g. on a 50GHz grid). The advantage of Nyquist 

WDM over OFDM is its reduced complexity, since no DAC at the transmitter is 

needed. The feasibility of long-haul transmission using Nyquist WDM was shown in 

[94] [95].   
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The experiments carried out in this research work do not aim to compete with the 

industrial research labs in terms of the achieved total capacity, since this would require 

a large number (200-400) of lasers at the transmitter to generate a WDM comb and a 

generous amount of human resource to maintain the stability of the WDM channels. 

The focus of this research work is to demonstrate ultra long-haul transmission distances 

for both QPSK and QAM16 signals, and investigate the linear and nonlinear 

transmission performance of these modulation formats at different bit-rates.  
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2.3 Digital coherent receiver 

 

A coherent receiver maps an entire optical field into the digital domain, therefore, 

allowing detection of not only the amplitude of the signal but also its phase and the state 

of polarisation. The knowledge of the phase allows to invert a linear optical channel and 

digitally compensate for practically unlimited amount of chromatic dispersion and a 

large amount of PMD [96]. The absence of dispersion compensating fibre (DCF) also 

means an increased tolerance towards nonlinearity (due to the lower peak-to-mean ratio) 

and a faster signal propagation time. Coherent detection with digital signal processing 

(DSP) also facilitated the use of polarisation division multiplexing (PDM) to increase 

the overall bit rate by a factor of two, since two polarisations can be adaptively tracked 

and restored at the receiver. 

Secondly, coherent reception is very effective in demodulating advanced spectrally 

efficient modulation formats, where the information is encoded not only on the signal 

amplitude, but also its phase. While the detection of such modulation formats like 

differential phase shift keying (DPSK) or differential quadrature phase shift keying 

(DQPSK) are feasible using differential direct detection, the use of such detection 

scheme would be impractical for higher-order modulation formats. The hardware part of 

the coherent receiver is almost independent on the complexity of modulation format - 

only DSP needs to be adapted, which is beneficial from a laboratory upgrade point of 

view.  

Finally, a coherent receiver also brings the benefit of improved receiver sensitivity, 

which is a particularly important feature in unamplified links, such as those used in 

access networks. An improvement in the receiver sensitivity is due to the fact that the 

local oscillator (LO), set to operate at the power exceeding the signal power, amplifies 

the weak signal, thus achieving the shot-noise limited performance [24] [97]. A 

coherent receiver also performs the frequency selectivity function, which can be 

achieved by tuning a free-running LO to demultiplex a WDM channel of interest. This 

simplifies the design of the receiver hardware part, since no optical filters are required 

for filtering out the channel of interest. 

An interesting aspect of a digital coherent receiver is that the combination of 

coherent detection, DSP and advanced spectrally efficient modulation formats represent 
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a truly symbiotic relationship (Figure 28), as highlighted in [98]. Coherent detection 

allows both the phase and the state of polarisation of the received signal to be detected, 

but without the subsequent DSP it would be impossible to recover the data from the 

received signal, and without the use of spectrally efficient modulation formats the 

benefits of a coherent detection cannot be fully exploited.    

 

Figure 28: Three elements of a digital coherent receiver 

 

2.3.1 Coherent receiver design 

 

The schematic diagram of a coherent receiver is shown in Figure 29. Both the 

incoming PDM signal and LO are split into two orthogonal polarisations using a 

polarisation beam splitter, after which the co-polarised signal and the local oscillator are 

mixed in two 90° optical hybrids to produce an in-phase and quadrature components for 

each polarisation. The four signals are then digitised by four ADCs after which DSP can 

be performed. 

 

Figure 29: Schematic diagram of a digital coherent receiver 
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A 90° optical hybrid can be realised either in fibre-based or free-space optics 

configurations. For simplicity, let’s consider the principle of operation of a fibre-based 

90° hybrid. A key building block of such a hybrid is an 2x2 optical fibre coupler with its 

property of a 90° phase shift between its direct-pass and cross-coupling outputs. By 

combining such optical couplers into the configuration shown in Figure 30, together 

with an additional 90° phase shift in one arm, a detection of real and imaginary parts 

can be achieved. 

 

Figure 30: Schematics of a 90° optical hybrid 

 

The four photocurrents generated by the photodetection process are then proportional 

to: 
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It is clear that directly detected terms, |/012|� and |/34|�, do not contain any 
information about the phase and can be removed using a direct current (DC) blocking 

capacitor. It is also apparent that the power of the real and imaginary parts (Eq. 2-5) 

could be enhanced by subtracting the two photocurrent pairs (I1 – I2 and I3 – I4) – this 

procedure could be implemented using balanced detection. For a phase- and 

polarisation-diverse coherent receiver, one optical 90° hybrid per polarisation must be 

used to produce real and imaginary parts per polarisation. 
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2.3.2 Digital signal processing (DSP) 

 

DSP functionality can be illustrated by the following flow of steps. First, the four 

digitised signals (i.e. in-phase and quadrature components for each polarisation) are 

passed through the block for the compensation of front-end imperfections, and re-

sampling from an asynchronous sampling rate of the ADC (e.g. 50GSamples/s) to 

2Samples/symbol. The front-end imperfections might include timing skew between the 

four channels due to the difference in both optical and electrical path lengths within a 

coherent receiver. Other types of front-end imperfections can be the difference in output 

powers for four channels due to different responses of PINs in the receiver, and 

quadrature imbalance due the imperfect phase in the optical hybrid [99]. 

While compensating for the transmission impairments in optical fibre, it is important 

to note the different time scales of the dynamics of these impairments. While PMD 

typically varies on a millisecond scale, the chromatic dispersion can be considered 

constant on that scale. On the contrary, the Kerr effect is virtually instantaneous and 

varies on the 10
-15

s scale. Because of such difference in the dynamics of these effects, it 

is important to split the equalisation of the received signal into two steps. First, static 

equalisation for chromatic dispersion compensation is performed on each polarisation 

separately, and then a fast adaptive equalisation is carried out jointly for two 

polarisations [100]. For QPSK signals the adaptive equalisation was performed using a 

constant modulus algorithm (CMA), which minimises the deviation of the amplitude of 

the equalised signal from a desired fixed value.  For a QAM16 CMA alone is not 

sufficient due to the presence of three amplitude levels in a QAM16 constellation, and is 

typically used in combination with a multi-modulus algorithm (MMA), such as a 

radially directed equaliser (RDE) [98] [101] [102]. Then the frequency offset between 

the source laser and the local oscillator (LO) is estimated and removed to prevent the 

constellation rotation at the intradyne frequency. Finally, the carrier phase noise is 

estimated and removed from the modulated signal, which is then followed by symbol 

estimation and BER calculation. The diagrams showing the DSP flow are shown in 

Figure 31 for QPSK and Figure 32 for QAM16. Both the QPSK and QAM16 

constellations show examples of the experimentally received signal after linear 

transmission over uncompensated SMF link with EDFAs only.     
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Figure 31: DSP flow for received 112Gbit/s PDM-QPSK signal after transmission 

 

 

Figure 32: DSP flow for received 112Gbit/s PDM-QAM16 signal after transmission 
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2.3.2.1. Static equalisation 

A static equaliser can be realised by assuming a linear channel (e.g. with an absence 

of fibre nonlinear impairments), for which the optical fibre transfer function is given by 

[96]: 

%56, 89 � �:;  +	 <=�
.>� 8�!     (6) 

where z – signal propagation distance, ω – angular frequency, D – chromatic dispersion 

coefficient, λ – central wavelength. Thus the chromatic dispersion filter is given by an 

all-pass filter 1/G(z,ω). However, the design of such filter is often more practical in the 

time domain, therefore, one could obtain the impulse response of the fibre from G(z,ω) 

using an inverse Fourier transform: 
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By inverting the sign of chromatic dispersion to obtain the impulse function of a 

compensating filter and truncating the impulse response to a finite duration, a non-

recursive finite impulse response (FIR) digital filter can be implemented. Such FIR 

filter can be realised using a tapped delay line with a filter length (number of taps) given 

by [96] 
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The tap coefficients (weights) are then given by 
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where k – tap index. 

 

2.3.2.2. Adaptive equalisation 

After chromatic dispersion compensation a block of rapidly variable equalisation 

adaptively restores two rotating polarisations, compensates for time-varying PMD and 

recovers the sampling phase [84]. The signal processing at 2 samples/symbol yields an 

opportunity to recover the sampling phase; the information about the correct timing 

means that the subsequent signal processing can be done with only 1 sample/symbol in 
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the subsequent DSP blocks, and sampling points at the transition states can be 

discarded. An adaptive equalisation can be partitioned into three parts: the filter bank, 

an error estimator, and a device for updating the filter coefficient [100]. An adaptive 

equaliser is realised in a multiple input multiple output (MIMO) “butterfly” structure. 

 

Figure 33: MIMO structure of an adaptive equaliser 

 

The filter bank consists of four filters (hxx, hxy, hyx, hyy) with short filter response (15 

taps were used for most of the experiments in this work) and fast tap coefficient 

adaptation speed (Figure 33). The relationship between the input and output signals is 

given by 

:���5E9 � F:: · :; � F:H · H; � 

���� ∑ F::5-9:;5E + -9J��-KL � F:H5-9H;5E + -9 (10) 

H���5E9 � FH: · :; � FHH · H; � 

 � ∑ FH:5-9:;5E + -9J��-KL � FHH5-9H;5E + -9  (11) 

i.e. the two outputs of the adaptive equaliser are calculated per symbol k and the 

complexity of the equaliser depends on the number of taps M. 

The error estimator part of an equaliser depends on the specific modulation format, 

as discussed previously. This involves CMA for QPSK signals, and CMA in 

combination with RDE for QAM16 signals. For QPSK signals the deviation from the 

desired value is represented by the error terms with a magnitude of MN � 1 + |P4QR|� 
and MS � 1 + |T4QR|�, and the gradient of the error can be minimised by taking a partial 

derivative of the mean-squared error with respect to the filter coefficients (least-mean 
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square (LMS) algorithm). The gradient estimates are calculated from instantaneous 

measures of the error, and in each step the filter coefficients are updated by adding a 

small measure proportional to the negative gradient estimate given by 

F:: U F:: � VW::��� · :
�)  (12) 

F:H U F:H � VW::��� · H
�)   (13) 

FH: U FH: � VWHH��� · :
�)  (14) 

FHH U FHH � VWHH��� · H
�)  (15) 

where µ is a convergence parameter used to control the adaptation speed and residual 

error of the adapted filter coefficients, and P1X) , T1X)  - the complex conjugate of the input 

sequences. 

The description of adaptive equalisation for QAM16 signals can be found in [102]. 

 

2.3.2.3. Carrier frequency offset removal and phase recovery 

The output of the adaptive equalisation (as seen on a complex plane) appears as a 

circle in the case of a QPSK signal (Figure 31) or three concentric circles in the case of 

a QAM16 signal (Figure 32). The reason for not being able to determine the four 

distinct constellation points of the QPSK signal (16 constellation points in the case of 

QAM16) is due to the fact that the constellation is still spinning at the intradyne 

frequency – the residual frequency offset between the transmitter laser and the LO. To 

compensate for the frequency offset the complex symbols are raised to the 4
th
 power to 

remove the modulation, and the offset is determined by finding the peak of the fast 

Fourier transform (FFT) of this signal [12] [103]. 

The received complex symbols contain not only the desired phase modulation but 

also the phase noise of the optical carrier (Figure 31 and Figure 32). The variation of 

this noise is typically slower than the phase modulation (e.g. 10Gbaud) and is 

determined by the finite laser linewidth - 100kHz for ECLs to few MHz for DFB lasers. 

Therefore, by averaging the carrier phase over many symbol intervals, it is possible to 

obtain an accurate phase estimate. For a QPSK signal with four phase states, the 

received complex symbols are first raised to the 4
th
 power to remove modulation and 
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make sure that only the phase noise is present. The k
th
 symbol x(k) is then added to N 

predecessors and successors to average the estimated phase, which is given by 

YE � �
. DZ@  �

��[� ∑ :.5E � \9�\K�� ! (16) 

Because the phase varies over the range of 2π, the estimated phase will revert back to 

0 if it reaches 2π, hence, creating a discontinuity. The estimated phase must, therefore, 

be “unwrapped” to provide a continuous and unambiguous estimation of phase. After 

the phase “unwrapping”, the compensation of an estimated phase error is performed 

with respect to the received complex symbols (Figure 34). To synchronise the two paths 

(input symbols and the corrected phase, a further delay (Z
-1
) is used. The phase 

estimation process yields a QPSK constellation with four distinct phase states, after 

which the symbol estimation can be performed using rectangular decision boundaries. 

The received symbols are then cross-correlated with the known transmitted symbols to 

synchronise the two sequences, after which the symbol by symbol comparison can be 

performed to calculate the symbol error rate (SER) and the bit error rate (BER) on each 

polarisation [8]. 

 

Figure 34: Carrier phase recovery using the M
th
 power algorithm 

 

The details on carrier phase recovery for QAM16 signals can be found in [103] [104].  

 

2.3.2.4. Nonlinearity compensation (NLC) 

While dispersion compensation can be considered as a reversal of a linear optical 

channel, the partial reversal of a non-linear optical channel is also possible, and means 

that the nonlinearity can be digitally mitigated. If a signal is known at the transmitter 
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side, the signal after transmission over the fibre can be obtained by using the split step 

method (SSM) to solve the Manakov equation, given by [105]: 
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Such an approach is a very useful simulation technique and allows modelling of the 

transmission behaviour of optical fibre systems. The same procedure can be applied in 

the backward direction to obtain the signal at the transmitter provided that an output 

signal can be measured at the receiver with adequate fidelity [105]. The block diagram 

of solving the Manakov equation backwards using SSM is shown in Figure 35. In the 

first step the FFT translates the signal into the frequency domain where chromatic 

dispersion of 1 span is compensated. The signal is then translated into the time domain, 

where the instantaneous nonlinear phase shift is applied. The amount of nonlinear phase 

shift is determined by solving the Manakov equation, ignoring the chromatic dispersion 

term. The process is repeated N times, where N is the number of fibre spans. Although 

the granularity of step N can be both increased or decreased, the experiments carried out 

in this research work showed that 1 nonlinear step per span is a good trade-off between 

the complexity of the algorithm and the amount of nonlinearity that can be mitigated. 

Further details on complexity vs. performance can be found in [106]. 

 

Figure 35: A block diagram of solving Manakov equation using digital back-

propagation technique (DBP) 
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The digital back-propagation (DBP) technique for digital nonlinearity compensation 

(NLC) is currently an active topic of research. It should be noted, however, that DBP 

can only compensate for deterministic nonlinearities (SPM, potentially XPM) and 

cannot undo nonlinear phase noise due to its stochastic nature. The theoretical analysis 

of DBP was described in detail in [107] and experimentally demonstrated in [10] [11] 

[12] [105], including the results of this research work. The results in [106] analysed the 

impact of the number of nonlinear steps per span on the efficiency of DBP – 1 step per 

span was found to be an optimum trade-off between the DBP efficiency and the 

computational complexity involved. The main conclusion is that DBP can significantly 

increase the maximum reach (by up to 70%) for single-channel transmission; however, 

its benefit is reduced in the WDM transmission [10] [108]. This is due to the fact that 

the effective compensation of cross-phase-modulation (XPM), the dominant source of 

nonlinearity in the WDM systems, would require a simultaneous detection of multiple 

channels and, hence, impractically large receiver bandwidth (>200GHz, assuming 

DWDM with 50GHz spacing). The efficient compensation of inter-channel nonlinear 

effects via DBP is currently an active topic of research [105] [109] [110]. 

 

2.3.2.5. Symbol estimation 

The result of the carrier phase recovery is a set of distinct constellation points. To 

calculate the symbol error rate (and BER) the four received symbol sequences (in-phase 

and quadrature for each polarisation) are first cross-correlated with the known 

transmitted PRBS sequences to align both transmitted and received patterns, and 

recover the delay between the two. The transmitted QPSK symbols are also inherently 

Gray coded, because the change of state of one of the MZMs is equal to the change of 

only one information bit. The transmitted QAM16 symbols, however, are not 

necessarily Gray coded, and the actual bit coding depends on the QAM16 generation 

technique. The method to provide the Gray coding for the QAM16 signal, generated 

using the technique used in this research work, is shown in section 5.2.1. 

 Rectangular decision boundaries can then be used to carry out symbol estimation for 

both QPSK and QAM16 signals. In this case each received symbol is compared with the 

pre-defined rectangular boundaries to assess whether an error is present (Figure 36). For 

a QPSK signal these boundaries should coincide with the horizontal and vertical axes of 



 

the complex plane. For 

knowledge of the location of the complex mean of all 16 transmitted symbol

(a)

Figure 36: Rectangular decision boundaries for (a) QPSK 

 

Whilst this method is easy to implement, in the presence of modulation distortions 

(particularly relevant to multilevel formats like QAM16 and higher

estimation based on rectangular decision boundaries can cause additional errors. Since 

tuning a QAM16 transmitter to obtain a perfectly square QAM16 constellation 

always possible, the symbol estimation using 

can be more effective 

estimation technique is as follows: the received symbols 

complex mean of each of the 16 transmitted symb

is made based on the 

complex mean of the 

QAM16 constellation used to il

decision boundaries; in this particular case the BER is reduced from 5.3x10

[103].    
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the complex plane. For a QAM16 signal the boundaries are set 

the location of the complex mean of all 16 transmitted symbol

 

(a) (b)

Rectangular decision boundaries for (a) QPSK and (b) QAM16 symbol 

estimation 

this method is easy to implement, in the presence of modulation distortions 

(particularly relevant to multilevel formats like QAM16 and higher

estimation based on rectangular decision boundaries can cause additional errors. Since 

tuning a QAM16 transmitter to obtain a perfectly square QAM16 constellation 

the symbol estimation using minimum Euclidian decision boundaries 

effective than rectangular decision boundaries. The idea behind this symbol 

estimation technique is as follows: the received symbols are first 

complex mean of each of the 16 transmitted symbols per polarisation, and the decision 

made based on the minimum distance between each of the received symbols and the 

the transmitted symbols. Figure 37 shows a deliberately distorted 

QAM16 constellation used to illustrate the benefit using minimum Euclidian distance 

decision boundaries; in this particular case the BER is reduced from 5.3x10

QAM16 signal the boundaries are set using a priori 

the location of the complex mean of all 16 transmitted symbols.  

 

(b) 

(b) QAM16 symbol 

this method is easy to implement, in the presence of modulation distortions 

(particularly relevant to multilevel formats like QAM16 and higher [70]) the symbol 

estimation based on rectangular decision boundaries can cause additional errors. Since 

tuning a QAM16 transmitter to obtain a perfectly square QAM16 constellation is not 

minimum Euclidian decision boundaries 

The idea behind this symbol 

first compared to the 

ols per polarisation, and the decision 

each of the received symbols and the 

shows a deliberately distorted 

lustrate the benefit using minimum Euclidian distance 

decision boundaries; in this particular case the BER is reduced from 5.3x10
-4
 to 2.1x10

-4 



63 

 

 

(a) 

 

(b) 

Figure 37: QAM16 symbol estimation using (a) rectangular decision boundaries, BER 

= 5.3x10
-4
 (b) minimum Euclidian distance decision boundaries, BER=2.1x10

-4
. 
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2.4. Sources of Transmission Impairments 

 

 

Transmission in optical fibres is limited by two main factors: linear, namely 

amplified-spontaneous-emission (ASE) noise when launch powers into the fibre are 

low, and nonlinearities when launch powers are high. This means that it is possible to 

find an optimum launch power for which the best trade-off between ASE and 

nonlinearity can be achieved, resulting in the longest transmission distance. The exact 

value of launch power depends on the specific system and link parameters, such as 

modulation format, bit rate, fibre type, amplifier noise figure etc.  

The ASE noise arises from the spontaneous emission in the optical amplification 

process, and increases with the number of amplifiers (hence, transmission distance) 

along the transmission link. Due to its stochastic nature, ASE noise is a fundamental 

impairment and cannot be removed from the system. One of the ways to offset an 

impact of ASE noise is to use lower-noise amplifiers, such as Raman amplifiers instead 

of EDFAs, and lower-loss fibres, such as pure-silica core fibres (PSCFs) instead of 

SMF; however, this also increases the cost of the system. Another way is to increase the 

signal power into the fibre, which also increases the OSNR and allows longer distances. 

However, for very high signal powers an optical fibre ceases to be a linear medium due 

to the Kerr effect and triggers nonlinear impairments, distorting the signal. 

From the system design point of view there are two types of nonlinearity: intra-

channel (occurring when only one wavelength channel is present) and inter-channel 

(occurring in the presence of multiple WDM channels). The most common and widely-

known type of intra-channel nonlinearity is self-phase modulation (SPM), which arises 

from the Kerr effect – the dependence of the refractive index on the peak power in the 

fibre. The variations in the refractive index caused by pulse propagation in the fibre 

changes the light propagation speed in the fibre. This produces a phase shift in the 

pulse, resulting in a change of the pulse frequency spectrum and producing chirp [111]. 

The induced chirp symmetrically broadens the signal spectrum, and during the 

propagation over dispersion channel converts frequency distortions into time 

distortions. SPM is the dominant source of nonlinearity for 10Gbaud systems (Figure 

38). 
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For WDM systems cross-phase modulation (XPM) becomes the dominant source of 

nonlinearity, although the deleterious effect of SPM might still be present. This XPM 

effect is similar to the SPM with the difference that the phase (and frequency) of a pulse 

is affected by neighbouring WDM channels rather than within the channel itself. XPM 

causes a timing jitter and intensity distortions after propagation through a dispersive 

medium [112].  

At higher symbol rates, however, the effects of intra-channel cross-phase modulation 

(IXPM) and intra-channel four-wave-mixing (IFWM) become dominant sources of 

intra-channel nonlinearity (Figure 38). This is because the broadening due to chromatic 

dispersion increases quadratically with the symbol rate, that is, at 40Gbaud the spectrum 

broadening due to dispersion is 16 times higher than at 10Gbaud. Because more pulses 

overlap in the time domain during the propagation over a dispersive medium, the 

efficiency of IFWM and IXPM also increases. As shown in Figure 38 the effect of 

IFWM and IXPM is less pronounced for nonzero dispersion shifted fibre (NZ-DSF) 

than SMF; this is because the lower dispersion in NZ-DSF decreases the amount of 

pulse overlap and, hence, the efficiency of IFWM and IXPM. 

 

 

Figure 38: Dominant sources of nonlinearity at various bit rates and fibre types [24] 
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The seed for both IXPM and IFWM is the fact that the lower frequencies of the 

trailing pulse travel faster that the higher frequencies of the leading pulse, and the 

different frequencies of two or more pulses “collide” in the middle between two pulses. 

The IFWM generates a “ghost” pulse if the collision occurs in the middle of an empty 

time slot and amplitude jitter in the case when collision occurs in the middle of the slot 

where the optical pulse is present. The IXPM induces a frequency shift on interacting 

pulses during propagation in dispersive medium, which is then converted to timing jitter 

when the signal is dispersion compensated [112] [113].  

While chromatic dispersion (CD) also affects the signal shape during transmission, in 

the linear transmission regime dispersion can be fully compensated and, therefore, does 

not directly pose transmission limitation in modern optical fibre systems. In such system 

CD can be compensated either using dispersion compensating fibre (DCF) or using a 

digital filter when coherent detection is used. A more serious implication of the CD is 

its interplay with nonlinearity, which converts the spectral broadening induced by SPM 

into the temporal distortions. PMD, a limiting factor for an upgrade of some optical 

networks [114], can also be compensated digitally in systems with coherent detection 

[98]. 
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3. OTDM 80Gbit/s Transmission 

Experiments 

 

At the beginning of this research work in January 2007, OTDM was considered a 

practical technology used to investigate the transmission performance at >40Gbaud for 

systems employing direct detection. Over the next years, however, the interest in the 

OTDM technique has diminished, mainly due to the advances in the coherent detection 

and the benefits associated with this, as described in section 2.3. While early research 

efforts of this work were focused on the technique to optimise of 80Gbit/s OTDM 

transmission to increase the maximum transmission distances (and a long-term idea to 

increase the OTDM bit-rate to 160Gbit/s and beyond), since late-2008 the experimental 

activities of this research work have switched towards the investigation of advanced 

modulation with coherent detection (described in chapters 4, 5). 

An initial aim of the 80Gbit/s OTDM experiment carried out in this research work 

was to investigate the impact of a wide and continuously variable range of phase values 

between the adjacent OTDM channels on the transmission performance, and finding an 

optimum phase value to achieve the longest transmission distance for a given system 

configuration.  

Some investigation of optimum phase relationships between adjacent data pulses has 

been previously carried out by other research groups at 40Gbit/s, albeit, sometimes with 

contradictory conclusions. In fact, it has been mathematically shown that at 40Gbit/s the 

maximum suppression of ghost pulses and amplitude jitter due to IFWM is achieved 

using π/2 phase difference between adjacent pulses [115] [116]. On the other hand, it 

was suggested in [117] that amplitude distortion due to phase-to-intensity conversion is 

higher in the case of π/2 phase modulation, and the overall performance is better in the 

case of π [117] [118]. This, however, contradicts the experiments in [119] where more 

than a 2dB improvement in Q-factor was shown for π/2 compared with π. At a higher 

OTDM bit-rate of 160Gbit/s, the Q-factor has been simulated as a function of the phase 

difference between adjacent OTDM channels, and an optimum performance was found 

in the case of π/2-RZ [115] [120]. 
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It should be noted, however, that the transmission at various bit-rates might be 

limited by different types of nonlinearities, as shown in section 2.4. In addition the 

optimum phase difference strongly depends on the duty cycle, as described in [30] 

[121]. In the experiments carried out in this research work the transmission was 

performed at 80Gbit/s under condition of partial overlap of adjacent pulse tails. To 

create an overlap between the pulses, an 8ps data pulse train was generated (the bit 

period at 80Gbit/s is 12.5ps). The investigation of such “wider than normal” pulses is 

interesting from a practical point of view, since such pulses are easier and less 

expensive to generate. 

  



 

 

 

The transmitter setup to generate a 39.8Gbit/s RZ

First, the 7dBm output of an external cavity laser (ECL) was modulated by an EAM 
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dependent loss (PDL
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Figure 
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3.1. Short Pulse Generation

The transmitter setup to generate a 39.8Gbit/s RZ-OOK signal is shown in

7dBm output of an external cavity laser (ECL) was modulated by an EAM 

bandwidth of around 40GHz. This EAM had a negligible 

PDL) of ~0.1dB, therefore, no polarisation controller at the input was 

used. The RF part was provided by a 39.8Gbit/s PPG with a data output of 3V

-1 – such a pattern was used due to the limitation in the clock 

recovery operation with longer patterns at the time this experiment was carried out. 

output signal was then amplified with an EDFA to overcome the insertion loss of the 

EAM and subsequently attenuated to obtain an appropriate launch power for the next 

EAM, which operated as a pulse carver. The polarisation before the 

was manually adjusted with a polarization controller (PC) in order to minimi

(~1dB) of the EAM. The 39.8GHz clock output 

40GHz narrow-band RF amplifier to 7Vp-p, which was found to 

optimum driving voltage for this particular EAM. Due to the fact that the PPG used in 

this experiment had a fixed output power, additional attenuators before and after the RF 

were used to obtain the value of 7Vp-p. The clock signal was also 

respect to the data using a PPG in-built delay line to guarantee that the 

pulse carving occurs in the middle of the symbol period. 

Figure 39: Generation of short data pulses using EAMs

Generation 

OOK signal is shown in Figure 39. 

7dBm output of an external cavity laser (ECL) was modulated by an EAM 

bandwidth of around 40GHz. This EAM had a negligible polarisation 

therefore, no polarisation controller at the input was 

used. The RF part was provided by a 39.8Gbit/s PPG with a data output of 3Vp-p and a 

such a pattern was used due to the limitation in the clock 

patterns at the time this experiment was carried out. The 

to overcome the insertion loss of the 

appropriate launch power for the next 

carver. The polarisation before the pulse-carving EAM 

was manually adjusted with a polarization controller (PC) in order to minimise the 

clock output of the same PPG was 

, which was found to be the 

EAM. Due to the fact that the PPG used in 

before and after the RF 

The clock signal was also time-

built delay line to guarantee that the 

 

pulses using EAMs 



 

3.2. Bit-

 

 

The motivation for a bit

in Section 2.1.2 - fixed phase difference between 

yield a better back-to

novel, simple and low

79.6Gbit/s signal from an incoming 39.8Gbit/s.

interferometric structure 

shown in Figure 40. 

 

Figure 40: Experimental set
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explained later). In order to control the phase b
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-wise OTDM Multiplexer with 

Control 

The motivation for a bit-wise OTDM multiplexer with phase control was explained 

fixed phase difference between the adjacent OTDM channels could 

to-back and transmission performance. In the course of this work, a 

novel, simple and low-cost bit-wise OTDM transmitter was designed to 

79.6Gbit/s signal from an incoming 39.8Gbit/s. The set-up w

interferometric structure from fibre-coupled commercially available components

Experimental set-up to generate 79.6Gbit/s OTDM signal with a

controllable phase between the adjacent tributaries. ∆t – delay line, Φ 

(piezoelectric fibre stretcher) 

The OTDM multiplexer design is based on the interferometric 

The incoming 39.8Gbit/s RZ-OOK signal was split in

by half a symbol period and re-combined to yield 

ower mismatch between the two arms of the 

compensated using a variable optical attenuator (VOA). A short segment of fibre was 

also placed in one of the arms to decorrelate the data pattern in the upper arm from the 

in the lower arm (the choice of the length of the decorrelation fibre is 

In order to control the phase between the adjacent OTDM channels, the 

ultiplexer with Phase 

wise OTDM multiplexer with phase control was explained 

adjacent OTDM channels could 

In the course of this work, a 

wise OTDM transmitter was designed to generate a 

up was assembled in the 

coupled commercially available components, and is 

 

Gbit/s OTDM signal with a 

delay line, Φ – phase shifter 

interferometric approach described in 

s split into two replicas, 

combined to yield a 79.6Gbit/s OTDM 

two arms of the interferometer was 

A short segment of fibre was 

to decorrelate the data pattern in the upper arm from the 

in the lower arm (the choice of the length of the decorrelation fibre is 

adjacent OTDM channels, the 
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two arms of the interferometer have to coherently interfere, which is only possible when 

the coherence length of the laser source is larger than the difference in two path lengths 

within the interferometer [18]. The coherence length LC of the laser source was found 

using the following formula [122]: 

 

&e � =�
f·∆= � �

f·∆h (19) 

  

where λ is the laser source central wavelength, n – refractive index of the fibre, c – 

speed of light in vacuum, ∆λ – laser spectral width, ∆f – laser source linewidth. In the 

OTDM experiment carried out in this work, a laser source with a measured 700kHz 

linewidth was used, which corresponds to the laser coherence length of 184 meters. This 

means that the length of the decorrelation fibre must be less than 184m to enable the 

coherent interference. To satisfy this criterion the decorrelation length of ∆L = 25cm 

was used in this work, which yielded a decorrelation in time equal to 1214ps according 

to:  

 

∆A � ∆&
�·f   (20) 

 

The time period at 39.8Gbit/s is equal to ~25.1ps, which means that at this bit-rate 

two OTDM tributaries are decorrelated by 46 symbols. Since the transmission 

experiments were carried out with a 2
7
-1 pattern length, 46 symbols provide nearly a 

half-pattern decorrelation.  

It is important to note, that due to the temperature fluctuations and the source laser 

wavelength drift, a conventional multiplexer is not capable of maintaining a fixed phase 

difference between the adjacent OTDM channels. In the OTDM multiplexer designed in 

this work temperature fluctuations were mitigated by placing the multiplexer in a 

confined temperature-controlled environment. The laser wavelength drift, however, is 

more complicated to deal with. The wavelength drift upsets the phase stability of the 

interferometer due to the narrow free-spectral range (FSR) of the OTDM interferometer 

with various optical paths, which are inevitable due to the presence of decorrelation 

fibre. In fact, the free spectral range is inversely proportional to the decorrelation length 

of the fibre and can be calculated according to [122]: 
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∆= � =�
f·∆& (21) 

∆h � �·∆=
=�  (22) 

 

where ∆λ is an wavelength FSR, ∆f – frequency FSR. For the OTDM multiplexer used 

in this work with 1214ps of decorrelation, its FSR range is 6.5picometers or 542MHz. 

Such a narrow FSR means that sub-picometer laser wavelength change could cause a 

change in phase as large as 50°.  

 

Figure 41: Optical OTDM signal before slow p-i-n photodiode 

 

 

To minimise the wavelength drift, a stable external cavity laser (ECL) with a 

frequency drift of less than ±100MHz/hour was used in the experiment carried out in 

this work. In order to set a specific phase difference between the adjacent OTDM 

channels and maintain it over a long number of hours, a dedicated feedback circuit was 

used, as shown in Figure 40. This circuit is a ditherless bias controller and is 

commercially available (YYLabs, 0103). When the two OTDM channels propagate in 

the two different arms, they should not interfere since they are located at different time 

slots. In practice, however, the 8ps pulses are sufficiently wide to make the tails of 

adjacent pulses partially overlap and interfere with each other (Figure 41). The degree 

of overlap and the interference product, determined by the relative phase shift, are 

detected by a low-speed photo-detector (~2GHz of bandwidth) and used as an input 

signal to the feedback circuit. The stronger the pulse overlap, the larger Vp-p (Vmax – 

Vmin) in Figure 42 and the more stable the feedback circuit operation. 



 

Figure 

 

 

The phase shifter requires a DC input voltage in 

output of the feedback circuit (0 

Photonics, MPD-001/PCD

shifter operation. The principle of the feedback circuit operation can be described as 

follows: first, the reference voltage (V

an operational point at the transfer function of the OTDM interferometer
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of the interference signal
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condition for arbitrary pulse widths.  
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that alternative information about the phase dynamics within the interferometer must be 
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bidirectional nature of propagation, 

affect the data signal, and the feedback signal will interfere only with its own replica in 
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Figure 42: Electrical signal after slow p-i-n photodiode

The phase shifter requires a DC input voltage in the range of 0 

output of the feedback circuit (0 – 5V) was amplified by a voltage converter

001/PCD-M02) to obtain the required voltage range f

The principle of the feedback circuit operation can be described as 

first, the reference voltage (Vref) is manually set to a particular value to define 

an operational point at the transfer function of the OTDM interferometer

changing phase between the OTDM channels

interference signal. The feedback circuit then constantly tracks the difference 

known reference signal and the interference signal

to its output voltage, as shown in Figure 42. 

The setup shown in Figure 40 was subsequently refined to provide a steady operating

condition for arbitrary pulse widths.  It is clear that in the case of very short duty cycles 

(50% and less, corresponding to <6.25ps pulses for a 79.6Gbit/s OTDM signal), the 

between adjacent OTDM channels becomes negligible.

that alternative information about the phase dynamics within the interferometer must be 

fed to the phase shifter. In this case phase control was obtained by counter

a part of the ECL unmodulated light with respect to the signal Figure 

bidirectional nature of propagation, a presence of the feedback signal does not 

e data signal, and the feedback signal will interfere only with its own replica in 

the interferometer. This interference product is detected and processed in exactly the 

same way as previously discussed. Since the feedback signal is CW light, the operation

setup is independent of the data pulse width. 
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a voltage converter (General 

M02) to obtain the required voltage range for the phase 

The principle of the feedback circuit operation can be described as 

set to a particular value to define 

an operational point at the transfer function of the OTDM interferometer and, hence, the 

OTDM channels also varies the power 
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reference signal and the interference signal, and applies an 

to provide a steady operating 

It is clear that in the case of very short duty cycles 

Gbit/s OTDM signal), the 

een adjacent OTDM channels becomes negligible. This means 

that alternative information about the phase dynamics within the interferometer must be 

fed to the phase shifter. In this case phase control was obtained by counter-propagating 

Figure 43. Because of the 

feedback signal does not adversely 

e data signal, and the feedback signal will interfere only with its own replica in 

the interferometer. This interference product is detected and processed in exactly the 

same way as previously discussed. Since the feedback signal is CW light, the operation 



 

 

Figure 43: The designed

a controllable phase between 

 

In practice, the range of 

This is because precise phase shifts of 0° and 180°

ambiguity in the feedback circuit operation at peak values. This can be best 

by assuming the VREF 

transfer function in Figure 

but the feedback circuit will not be able to detect whether it should increase or decrease 

the voltage to the phase shift

A phase-stabilised fibre interferometer is a versatile to

limited to OTDM but could also be used to optically synthesise advanced modulation 

formats, such as QAM16 and QAM64. 

using the optical interferometric technique is 
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The designed experimental set-up to generate 80Gbit/s OTDM signal with 

a controllable phase between the adjacent tributaries. ∆t – delay line, Φ 

range of phase values that could be obtained is

precise phase shifts of 0° and 180° cannot be maintained 

ambiguity in the feedback circuit operation at peak values. This can be best 

REF is set at the minimum transmittance point 

Figure 42. From now on, the interference voltage can 

but the feedback circuit will not be able to detect whether it should increase or decrease 

the voltage to the phase shifter, and will immediately lose its phase stabilisation ability.

stabilised fibre interferometer is a versatile tool; its application is not only 

limited to OTDM but could also be used to optically synthesise advanced modulation 

formats, such as QAM16 and QAM64. A detailed description of QAM16 generation 

optical interferometric technique is given in Section 4.2.1.

 

up to generate 80Gbit/s OTDM signal with 

delay line, Φ – phase shifter 

is less than [0°, 180°]. 
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ambiguity in the feedback circuit operation at peak values. This can be best illustrated 
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he interference voltage can only increase, 
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mmediately lose its phase stabilisation ability. 
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detailed description of QAM16 generation 

.2.1.  



 

3.3. OTDM 

 

 

As mentioned previously, 

high bit-rate OTDM signal to a

signal from the OTDM stream. For the transmission experiments in this work 

simultaneous demultiplexing and clock recovery using a single EAM was performed 

(Figure 44). The clock recovery 

synchronise it with the incoming data, and error detector to perform sampling at 

correct instant in time to determine the BER.

 

Figure 44: OTDM receiver end with simultaneous 

clock recovery (clock recovery electrical part is shown in red)

 

 

 The transmitted OTDM signal was first amplified to provide sufficient optical power 

at the input of the EAM. After 

power output for data recovery

EAM for the clock recovery operation.

amplified and then passed through the 

with 100GHz 0.5dB ba

to the 40GHz photo
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. OTDM Demultiplexer, Clock Recovery and 

Direct-Detection Receiver

As mentioned previously, an OTDM demultiplexer is essential to downconvert a 

rate OTDM signal to an original lower bit-rate rate by extracting a base rate 

signal from the OTDM stream. For the transmission experiments in this work 

simultaneous demultiplexing and clock recovery using a single EAM was performed 

The clock recovery was needed to provide timing for the demultiplexer to 

synchronise it with the incoming data, and error detector to perform sampling at 

in time to determine the BER. 

OTDM receiver end with simultaneous demultiplexing to the base rate and 

clock recovery (clock recovery electrical part is shown in red)

The transmitted OTDM signal was first amplified to provide sufficient optical power 

the EAM. After the EAM the signal was split in

data recovery and a low power output to form a close

EAM for the clock recovery operation. In a closed loop path the signal was 

amplified and then passed through the wavelength-tunable flat-top optical

with 100GHz 0.5dB bandwidth (a similar OF was used at the receiver). The input power 

to the 40GHz photo-detector (PD) was set to be 1dBm. The idea behind this clock 

ecovery and 

eceiver 

OTDM demultiplexer is essential to downconvert a 

rate by extracting a base rate 

signal from the OTDM stream. For the transmission experiments in this work 

simultaneous demultiplexing and clock recovery using a single EAM was performed 

rovide timing for the demultiplexer to 

synchronise it with the incoming data, and error detector to perform sampling at the 

 

demultiplexing to the base rate and 

clock recovery (clock recovery electrical part is shown in red). 

The transmitted OTDM signal was first amplified to provide sufficient optical power 

EAM the signal was split into two parts: a high 

to form a closed loop with the 

In a closed loop path the signal was further 

top optical filter (OF) 

the receiver). The input power 

The idea behind this clock 
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recovery is to use a high-Q filter to directly carve a clock signal from the incoming data, 

which can then be fed to the EAM and error detector. An important feature of this clock 

recovery is its ability to operate when no data is entering the closed loop, e.g. in the 

presence of long sequences of ‘zeros’ when long patterns are used. Due to the fact that 

the amplifiers in the closed loop create a positive feedback, such absence of data could 

cause the EAM to modulate the noise at 39.8GHz. This will essentially create an 

“incorrect” clock component and the clock recovery will not be able to lock back when 

the actual data arrives. 

To prevent noise build-up when there is no data entering the loop, a broadband 

20GHz RF amplifier was used to cut-off a 39.8GHz component and to block any 

positive feedback. The frequency doubler then re-creates the frequency components up 

to 39.8GHz, and the signal is amplified using a narrowband (~4.3GHz) amplifier with a 

central frequency of ~40GHz. Following this the frequency multiplied signal was 

passed through the high-Q filter with a central frequency of 39.8 GHz for clock 

component extraction.  

The clock recovery unit was also designed for use with the recirculating loop, where 

the optical signal must be analysed during the propagation time through a single loop 

span denoted by τLOOP (equal to 500µs for a 100km span). This means that the time to 

recover the clock must be significantly smaller than 500µs to have enough time to 

analyse the transmitted signal with the error detector or digital sampling scope [123]. 

Compared to the voltage-controlled oscillator (VCO)-based clock recovery design, 

where the clock restoration time depends on the strength of the phase locked loop, the 

restoration time of the high-Q filter clock recovery solely depends on the bandwidth of 

the filter and can be evaluated according to the following equation [123]: 

 

  i' � �
L.,k∆h                    (23) 

 

where ∆f is the 3dB bandwidth of the filter. In this work a Q-filter with a bandwidth of 

68MHz (Q = 585) was used, which corresponds to the clock restoration time of 0.042 

µs. A further narrowband 40GHz RF amplifier was used to provide the required power 

to the EAM. A tunable delay line before the EAM allowed to separate a particular 

OTDM tributary. At the time the experiment was carried out the operation of the clock 

recovery was limited to short patterns of up 2
9
-1, which was later corrected by 
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optimising RF powers in the clock recovery unit to allow the operation for the patterns 

up to 2
31
-1. The OTDM receiver comprised a p-i-n photodiode with 65GHz bandwidth, 

broadband 45GHz amplifier and an error detector with broadband front-end electronics. 

Other implementations of high-speed OTDM clock recovery have been also reported 

in the literature, although many of them are complex. The most prominent involve 

taking advantage of the nonlinearity in an RF doubler to prevent noise build-up [124] or 

using bi-directionally operated EAM as a phase comparator [125]. The advantage of the 

clock recovery used in this research work is its simplicity in the design, fast restoration 

time and an ability to work with long PRBS (up to 2
31
-1).  

  



78 

 

3.4. OTDM Transmission Results at 80Gbit/s 

 

 

As mentioned in section 3.1 the aim of this experiment was to quantify the impact of 

the phase difference between the adjacent OTDM channels on the intra-channel four-

wave mixing (IFWM) in the presence of significant pulse overlap. Figure 45 shows the 

experimental setup developed in the course of this work. A 39.8Gbit/s RZ-OOK signal 

was generated by modulating the output of an ECL at 1545nm with two EAMs. One 

EAM was used for data encoding with a 2
7
-1 PRBS pattern, while the second EAM was 

used for pulse carving, generating RZ pulses with 8ps FWHM, 38dB OSNR and 15dB 

extinction ratio. The 39.8Gbit/s signal was multiplexed to 79.6Gbit/s OTDM signal 

using a phase-stabilised interferometer, as described in section 3.3. The resultant 

79.6Gbit/s signal was then launched into a single-span recirculating loop, consisting of 

a 100km SMF link, whose chromatic dispersion was fully compensated using an inline 

dispersion compensating fibre (DCF) and amplified with an EDFA (noise figure 

~4.5dB). The description of the recirculating loop used in the experiments is given in 

Appendix A. A flat-top optical filter (OF) with 100GHz bandwidth (specified at 0.5dB) 

was placed in the loop to reject the out-band ASE noise at every recirculation. After 

transmission, a 79.6Gbit/s OTDM signal was downconverted back to the base rate of 

39.8Gbit/s using an EAM-based demultiplexer and clock recovery, as described in the 

previous section. An error detector was gated by a signal from the signal generator, 

which was also used to provide timing for acousto-optical modulators (AOMs) in the 

recirculating loop. 

 



 

Figure 45: Experimental set

 

Figure 46: Clock-carrier power difference (CCPD) dependance on phase shift between 
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Experimental set-up for 79.6Gbit/s OTDM signal transmission

carrier power difference (CCPD) dependance on phase shift between 

adjacent OTDM channels 

 

First, a method to accurately set the phase values was devised. The variation 

phase shift between OTDM channels introduces a power change in the carrier and the 

39.8GHz clock components. Figure 46 shows the ratio between the ca

spectral components (clock-carrier power difference - CCPD) calculated numerically as 

a function of phase shift between the OTDM channels. This result leads to two 
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considerations; first, experimentally measured CCPD (Figure 47(a) and Figure 47(b)) 

can be related to the results in Figure 46 and can be used to set the desired phase shift 

values in the coherent OTDM multiplexer. Secondly, different phase modulated OTDM 

formats will have different optimum optical filter bandwidth due to associated spectral 

reshaping [126]. The optimum filtering is a trade-off between reduction of noise during 

the detection process and partial rejection of the spectral components. Phase values 

corresponding to CCPD = -14, -12, -8, -4, 0 and 4dB were set during the experiment. 

Figure 47 shows the optical spectra of optical signals with two extreme values of 

measured CCPD. Pure RZ and CS-RZ (0° and 180° of phase shift between adjacent 

OTDM channels, respectively) were outside the operating range of the feedback circuit 

and, therefore, were not implemented during the experiments. 

 

 

(a) 

 

(b) 

Figure 47: Measured OTDM spectrum before transmission with (a) clock component 

weaker than carrier by N dB; CCPD = -N; (b) clock component stronger than carrier by 

N dB; CCPD = +N 

 

 

 

(a) 

 

(b) 

Figure 48: Optical signal eye-diagrams before transmission for (a) 32°-RZ (CCPD = -

14 dB) (b) 135°-RZ 

 

In back-to-back 80Gbit/s measurements, a 4dB improvement in receiver sensitivity at 

a BER of 10
-9 
was measured when increasing the phase difference from 32°-RZ towards 

135°-RZ. This improvement can be attributed to the reduced inter-symbol interference 
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(ISI) between the adjacent pulses modulated with orthogonal phase values. In fact, the 

simulations showed that the 4dB back-to-back penalty disappears when shorter pulses 

are used (e.g. 2ps) due to reduced pulse overlap and ISI (Figure 48). 

The maximum transmission distance (assuming the BER = 3×10
-3
) was measured as 

a function of the phase difference between the adjacent OTDM channels (Figure 49). As 

is well known, the optical launch power to the fibre is limited by two factors: 

accumulated ASE for low input powers due to the multiple EDFAs used in transmission 

and nonlinearity for high input powers. Therefore, it is possible to find an optimum 

launch power, at which the transmission distance is maximised. In the experiments the 

launch power into the SMF was optimised for each modulation format and was in the 

range of -1 to 1.5dBm; constant launch power into the DCF (0dBm) was maintained 

during the experiment.  

 

Figure 49: Experimentally measured maximum transmission distance as a function of 

the phase shift between the adjacent OTDM channels at BER=3x10
-3
 

 

A differential phase modulation of 120° between the adjacent data pulses (120º-RZ) 

yielded the longest transmission, which can be attributed to a combination of two 

factors: increased tolerance to IFWM and increased receiver sensitivity (compared with 

RZ or 90°-RZ) due to decreased ISI. In fact, IFWM is a phase sensitive effect 

determining the strength of the “ghost” pulses and amplitude jitter effects between 

interacting channels.  A limited extinction ratio (15dB) also impacts the modulation 

format tolerance to IFWM, as residual power in ‘zeros’ will also contribute to IFWM 

generation dynamics [127]. It should be noted that transmission was limited by 

nonlinearity both in SMF and DCF. To quantify the strength of nonlinear effects, a set 

of numerical simulations at 79.6Gbit/s was performed and the results were compared 

with those experimentally obtained, as described in the next section. 
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3.5. Supporting Simulations for Bit-Wise OTDM 

Transmission 

 

 

Numerical results were obtained in Matlab by simulating the link used in the 

experiment at 79.6Gbit/s. During the simulations a span loss of 20dB, chromatic 

dispersion of 17 ps/nm/km and nonlinearity coefficient (γ) of 1.3 1/W/km. A flat-top 

2
nd
-order Gaussian filter at the receiver with variable bandwidth was used in numerical 

simulations to enhance the rejection of the out-of-band noise without sacrificing the 

signal spectral profile. Figure 50 shows the comparison of experimental and numerical 

results. Both results show a similar trend in terms of the phase shift; however, 

optimising the filter shape and bandwidth yielded an increased transmission distance, 

compared with experimental results where fixed-bandwidth filter was used. 

 

 

Figure 50: Comparison of the experimentally measured and simulated maximum 

transmission distance as a function of the phase shift between adjacent OTDM channels 

at BER=3x10
-3
 

 

 

Figure 51 shows power in ‘zero’ bit slots (this is due to the generation of “ghost” 

pulses, limited extinction ratio and ISI) and amplitude jitter of 2056 bits of a 2
31
-1 

PRBS pattern
 
after 100km for 8ps and 2ps FWHM pulse widths, calculated as a 

function of phase shift between the adjacent channels.  
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(a) (b) 

Figure 51: (a) Amplitude jitter and (b) power in ‘zero’ bit slots in 79.6Gbit/s 

transmission, simulated as a function of the phase shift between adjacent OTDM 

channels for 2 and 8ps pulse widths 

 

 

In these simulations noise from EDFA was neglected, and a 13dBm input launch 

power was used to investigate signal distortion only due to intra-channel nonlinearities. 

A single span transmission with a high input launch power was selected (as opposed to 

real transmission with multiple spans) in order to obtain intra-channel nonlinear effects 

within a reasonable computational time. Both pulse power within ‘zeros’ and amplitude 

jitter in ‘ones’ were minimized for 120º-RZ and 8ps pulses (Fig. 51). It was also found 

that for phase differences lower than ~40º, the power in ‘zeros’ and amplitude jitter 

remained nearly constant; this is in good agreement with the numerically obtained curve 

in Figure 50, where low phase shift values yielded the same transmission distance. 

However, when the pulse width was decreased to 2ps, 90º-RZ resulted in maximum 

suppression of IFWM effects, with symmetrical curves for amplitude jitter and power in 

‘zeros’. In the case of 8ps pulses, however, initially overlapping pulses needed higher 

phase separation to cause destructive interference of the IFWM components [117]. In 

addition, 8ps pulse tails spread over adjacent bits, causing ISI, which contributes to the 

total power in ‘zeros’. Examples of RZ and CS-RZ 8ps data pulse traces are shown in 

Figure 52.  
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To further investigate the impact of the phase modulation and the pulse width on the 

transmission distance at 

maximum transmission distance as a function of both the applied phase shift and 

FWHM pulse width (

format is optimal with 2

phase difference increases for larger pulse width (

Therefore, it can be concluded that the optimum phase relationship for maximum 

transmission distance depends on the OTDM duty cycle. This is due to a combination of 

an increase in receiver sensitivity for out

phase shift on tolerance to IFWM when changing the pulse width. This consideration is 

particularly important as, at high bit rates, low duty cycles become 
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(a) 

(b) 

Figure 52: (a) CS-RZ and (b) RZ simulated signal traces

To further investigate the impact of the phase modulation and the pulse width on the 

transmission distance at 79.6Gbit/s, a set of simulations was carried out 

maximum transmission distance as a function of both the applied phase shift and 

M pulse width (Figure 53). Simulations showed that the π/2

format is optimal with 2ps pulses (in agreement with [120]); however, the optimum 

fference increases for larger pulse width (Figure 53(a

Therefore, it can be concluded that the optimum phase relationship for maximum 

transmission distance depends on the OTDM duty cycle. This is due to a combination of 

ver sensitivity for out-of-phase formats and the dependence of the 

phase shift on tolerance to IFWM when changing the pulse width. This consideration is 

particularly important as, at high bit rates, low duty cycles become 

 

 

RZ and (b) RZ simulated signal traces 

To further investigate the impact of the phase modulation and the pulse width on the 

was carried out to obtain the 

maximum transmission distance as a function of both the applied phase shift and 

imulations showed that the π/2-RZ modulation 

); however, the optimum 

a) and Figure 53(b)).  

Therefore, it can be concluded that the optimum phase relationship for maximum 

transmission distance depends on the OTDM duty cycle. This is due to a combination of 

phase formats and the dependence of the 

phase shift on tolerance to IFWM when changing the pulse width. This consideration is 

particularly important as, at high bit rates, low duty cycles become unfeasible with 
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EAM (cascading many EAMs will inevitably lead to OSNR degradation due to the 

additional EDFAs required). Thus, it is important to assess the modulation formats 

performance with the pulse width that can be practically generated by EAMs. 

  

  

(a) (b) 

Figure 53: Simulated maximum transmission distance (km) at 80 Gbit/s for 

BER=3x10
-3
 as a function of pulse width and phase shift between OTDM channels. (a) 

fixed-bandwidth filter as in an experiment; (b) optimised filter 

 

 

To understand the effect of the optical filter bandwidth on the performance of phase 

modulation formats, the variation in transmission distance as a function of pulse width 

and phase shift, when optimised optical filtering for each modulation format is applied, 

was investigated. In the simulations, a 2
nd
-order optical Gaussian filter bandwidth at the 

receiver was varied from 130 - 200 GHz (specified as FWHM) to ensure longest 

transmission distance for a particular modulation format at BER=3×10
-3
, and the results 

are shown in Figure 53(b)). As was previously mentioned, the optimum filtering is a 

trade-off between reduction of detected noise and partial rejection of the spectral 

components; therefore, by careful adjustment of filter bandwidth it was possible to 

boost transmission performance.  
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3.7 Summary 

 

The results in this section investigated the performance of 80Gbit/s bit-wise OTDM 

transmission in terms of the maximum reach, and quantified the impact of intra-channel 

four-wave mixing (IFWM). To generate a bit-wise OTDM signals with fixed phase 

relationships between the adjacent channels a novel phase-stabilised interferometer was 

assembled from commercially available components. 

For the SMF dispersion-compensated link studied in this experiment the maximum 

reach was found to be 1000km, and was obtained when using ~120º phase difference 

between the channels. When the phase difference between the adjacent channels was 

not optimised (e.g. 30º) the maximum reach was reduced to as little as 600km. This is 

due to the reduced tolerance towards IFWM for low phase values and a larger cross-talk 

when the adjacent channels are in-phase. 

To further support the experimentally obtained results, Matlab computer simulations 

were carried out. Simulations showed the possibility of increasing the maximum reach 

further to 1500km when an optimised filter bandwidth is used at the receiver. Next, the 

impact of IFWM, which manifests itself as amplitude jitter and the appearance of the 

“ghost” pulses, was calculated. When 8ps pulses were used at the transmitter (in line 

with the experiments), both the amplitude jitter and power in “zeros” have minimum 

values at 120º, which verifies the experimentally obtained results in terms of 

transmission performance. The reduction of the pulse width to 2ps resulted in a lower 

optimum phase difference (90º) between the adjacent channels. This is due to the 

reduced initial pulse overlap for 2ps pulses. The optimum transmitter configuration was 

found to be for 2ps pulses and 90º of phase shift, for which 1800km of transmission 

distance was achieved. 

The aim of this work on OTDM was not to produce record transmission distances but 

to investigate and quantify the transmission improvement by using different phase 

relationships between the adjacent OTDM channels. By comparing the maximum reach 

of 1000km (achieved experimentally in this research work) with previously reported 

OTDM results at the bit-rate exceeding 40Gbit/s, that the maximum reach can be further 

increased by employing shorter pulses, phase modulation formats, advanced fibre type 

and advanced amplification techniques. The results in [45] and [49] show the feasibility 
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to achieved 2000km and 4000km, respectively. Both experiments were carried out at 

160Gbit/s.  

The research work carried out in this chapter also allowed to clarify further direction 

of the work - advanced modulation formats with coherent detection. The rationale for 

this is that advanced modulation formats (QPSK and QAM16) allow to obtain the 

equivalent bit-rates using only a fraction of spectral bandwidth needed for OTDM. The 

coherent detection significantly simplifies the detection of advanced modulation formats 

and facilitates the use of DSP to mitigate transmission impairments.  
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4. Single-Channel Transmission of 

QPSK and QAM16 Signals 

 

 

As explained in Chapter 1, future commercial optical transport systems are likely to 

use advanced modulation formats with coherent detection. It is, therefore, important to 

understand the transmission performance and limitations of these formats. The benefit 

of advanced modulation formats and coherent detection can be seen not only for long-

haul applications where both capacity and reach need to be maximised, but also for 

unrepeated access networks for which receiver sensitivity is an important parameter. 

The main aim of the research work on advanced modulation formats was to 

systematically study the performance of two modulation formats (QPSK and QAM16) 

at various bit rates to understand their linear and nonlinear limits. A particular focus of 

this work was to explore the techniques that could enable to further increase the 

maximum reach of QPSK-based systems over transoceanic distances (>6000km). The 

studied techniques involve the use of RZ pulses instead of NRZ to increase the 

tolerance towards nonlinearity, and digital back-propagation for nonlinearity 

compensation (NLC). The same techniques were also investigated for QAM16 signals, 

but for shorter transmission distances (up to 4000km). The work in this thesis represents 

one of the first demonstration of these techniques in coherent transmission and 

quantification of their benefits.  

 This chapter begins with single-channel transmission experiments to establish the 

upper-bound limit on the achievable transmission, i.e. in the absence of inter-channel 

nonlinearities present in practical WDM systems. The WDM transmission results are 

described in Chapter 5. 
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4.1. QPSK 

 

 

The investigation of transmission limits of QPSK-modulated signals and the 

techniques to maximise the transmission distance will benefit system designers and 

network operators, since the first generation of coherent systems to be deployed will be 

based on the QPSK modulation format. The first commercial QPSK optical transport 

solutions based on coherent detection and DSP were introduced in 2008 [128], and the 

first deployment of a 100Gbit/s QPSK coherent solution was performed by Verizon in 

Europe in 2009 [129]. Verizon has also committed to deploy 100Gbit/s technology on 

selected segments of its U.S. backbone network by the end of the second quarter of 

2011 [130]. 

The results of the research carried out in this thesis showed the first comprehensive 

experimental study of QPSK transmission at 42.7, 85.4 and 112Gbit/s to understand the 

linear and nonlinear limits at each bit rate, and the maximum achievable reach at each 

bit-rate. The results were also extended to experimentally quantify the benefits of using 

NLC at the receiver [12], and RZ pulses instead of NRZ at the transmitter at 112Gbit/s 

[9]; this was the first comparison of the two pulse shapes in terms of maximum reach. 

The bit rate of 112Gbit/s was chosen to match the speed of the next generation optical 

networks. 

The main quantities measured in these QPSK single-channel experiments are back-

to-back performance (BER vs. OSNR) and the dependence of maximum reach on the 

launch power into the fibre for the NRZ- and RZ50-QPSK signals, measured at 42.7, 

85.4 and 112Gbit/s. Both the implementation penalty (in the back-to-back) and 

maximum reach data points are measured assuming the BER = 3x10
-3
, which is less 

than the current limit of 3.8x10
-3
 on hard-decision FEC [131]. 
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4.1.1. Transmission performance at 42.7 and 85.4Gbit/s 

 

 

4.1.1.1.Experimental setup 

The experimental setup designed and built to generate and transmit QPSK signals at 

various bit rates is shown in Figure 54. First, a 42.7Gbit/s Yokogawa pulse pattern 

generator (PPG) was pre-programmed by doubling or quadrupling each consecutive bit 

in an original 42.7Gbit/s binary pattern to create PRBS sequences at 21.3 or 

10.66Gbit/s, respectively. The PRBS sequences with the length of 2
12
-1 were chosen to 

facilitate data processing in a realistic time frame. Two 3Vp-p outputs of the PPG, 

inverted with respect to each other, were then decorrelated by 1.4ns using RF cables 

with different lengths and amplified to 7Vp-p using SHF803P 45GHz broadband 

amplifiers (drivers), the value for 2Vπ for the specific I-Q modulator used in this 

experiment. As mentioned in section 2.2.3., driving an I-Q modulator over 2Vπ is 

desirable, as it allows for the maximum modulation depth and the suppression of noise 

transfer from the electrical driving signal into the optical domain. The bias points of the 

two inner Mach-Zehnder modulators were then set to the null transmittance points; 

these were found by minimising the output power of the I-Q modulator with no RF 

signal present. After the correct bias points were found, the RF signals were switched 

on and the phase between two BPSK signals was tuned to 90º by looking at the QPSK 

signal eye diagram on a digital communication analyser. A distributed-feedback (DFB) 

laser with a linewidth of 2MHz (measured using a self-heterodyne technique) and 

operating at a wavelength of 1554nm was used as the transmitter light source. 

 

 

Figure 54: Experimental setup for 42.7 and 85.4Gbit/s PDM-QPSK transmission. 

 

The QSPK signal was then equally split into two paths, in which the two QPSK 
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signal replicas were decorrelated by 2.5ns, with the polarisations adjusted to be 

orthogonal using manual polarisation controllers (PCs), and recombined with a 

polarisation beam splitter (PBS) to obtain a PDM-QPSK signal. The decorrelation 

lengths of 1.4ns at the transmitter and 2.5ns at the polarisation multiplexer, respectively, 

were sufficient to create an equal distribution of symbol transitions in the QPSK signal. 

The signals on the two polarisations were aligned in time with respect to each other; the 

measured eye diagrams of the PDM-QPSK signals at 42.7Gbit/s and 85.4Gbit/s are 

shown in Figure 55. As mentioned in section 2.2.3., the presence of transitions in the 

eye diagram is due to the finite rise and fall times in the electrical driving signals. The 

number of transition states is increased from 3 states for a single-polarisation QPSK 

signal to 5 states for a PDM-QPSK signal. 

 The resulting signal was then launched into a recirculating fibre loop consisting of 

an 80.2km single-mode fibre (SMF) span with an overall chromatic dispersion (CD) of 

1347ps/nm and loss of 15.4dB. The transmission link did not contain any dispersion 

compensating fibre (DCF), and the CD was compensated digitally at the receiver. The 

noise figure of the amplifiers used in the loop was 4.5-5dB. An optical filter (OF) with 

100GHz bandwidth (specified at 0.5dB) was placed to reject the ASE. The operating 

principle of the recirculating loop used in all transmission experiments throughout this 

research is described in Appendix A. After the desired number of recirculations the 

signal was sent to a polarisation- and phase-diverse coherent receiver to detect the in-

phase and quadrature components of each polarisation.  

 

  

(a) 

 

(b) 

Figure 55: Eye diagrams of PDM-QPSK signal at (a) 42.7Gbit/s and (b) 85.4Gbit/s 

 

 

The first block of a coherent receiver consisted of a PBS to split the incoming  PDM-

QPSK signal with -13dBm of power into the two orthogonal polarisations. A 100kHz-

linewidth ECL (also measured using the self-heterodyne technique), operating as the 
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LO, was set to its maximum output power of 7dBm and split into two outputs using an 

optical coupler. Such signal and LO power values were chosen to provide 20dB 

difference between the two, in accordance with [96]. The polarisation controllers at each 

output were used to align the state of the polarisation of the LO with respect to the 

signal. The co-polarised signal and local oscillator were then coupled in the 90° optical 

hybrid, assembled from two asymmetric 3x3 fibre couplers, to downconvert the 

incoming signal to an intradyne frequency and produce in-phase and quadrature 

components for each polarisation: Re(Ex), Im(Ex), Re(Ey), Im(Ey) [96]. The detected 

signals were digitised using a Tektronix real-time scope at 50GSamples/s and processed 

offline using Matlab. A photograph of the laboratory receiver rack is shown in Figure 

56. 

 

 
Figure 56: Receiver rack photo 

 

4.1.1.2.Back-to-back and OSNR measurements: results and discussion 

To characterise the PDM-QPSK signals at 42.7Gbit/s and 85.4Gbit/s, the back-to-

back BER was measured as a function of OSNR, and the results are presented in Figure 
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57. At BER = 3x10
-3
 the implementation penalty (that is, the difference between the 

theoretical and measured OSNR) was found to be 1dB at 42.7Gbit/s and 1.5dB at 

85.4Gbit/s. However, without any noise loading the PDM-QPSK constellation at 42.7 

and 85.4Gbit/s, measured over 2
19
 symbols, was determined to be error free. 

The characterisation of the receiver sensitivity requires the knowledge of OSNR, 

which is defined as [132]: 

�$�' � �L\�@  $
�! � �L\�@  lJ�^$

l'�m !  (24) 

where  S – signal power, N – noise power, BMEAS – resolution bandwidth of the 

measurement, BREF – reference optical bandwidth of 0.1nm. BMEAS was chosen to be 

0.5nm (62.5GHz) to ensure that all frequency components of 10.7 and 21.4Gbaud 

signals are measured, so as not to underestimate the signal power. An incorrect 

measurement of the signal power will result in the incorrect value of OSNR. The second 

term of Eq. 25 is used to ensure that the OSNR value is independent of the instrument’s 

resolution bandwidth BMEAS for the measurement, so that results obtained with different 

instruments can be compared [132]. 

 Recalling that 10op�  0
X! � 10op�5q9 + 10op�5r9, the value of OSNR in dB can 

simply be measured by subtracting the readings of the OSA noise power in dB from the 

signal power in dB and adding the second term from Eq. 25. It is important to note, 

however, that any attempt to measure the signal power will inevitably result in 

measuring the combination of both signal and noise powers, that is 
0[X

X � 0
X � 1 instead 

of 
0
X. The measured difference D(dB) between the two OSA readings must, therefore, be 

converted to the linear units, followed by the subtraction of 1: s31X � 10 t
uv + 1; DLIN 

can then be used in Eq. 25 instead of 
0
X to calculate the true value of the OSNR. During 

the measurements the OSNR values were varied with a step of 1dB. 
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Figure 57: Measured receiver sensitivity for 42.7Gbit/s and 85.4Gbit/s PDM-QPSK 

signals 

 

4.1.1.3.Maximum reach measurements: results and discussion 

To characterise the linear and nonlinear limits for QPSK transmission, the maximum 

reach was measured as a function of the power launched into the fibre at 42.7Gbit/s and 

85.4Gbit/s (Figure 58), assuming the BER = 3x10
-3
. Two cases were considered: one in 

which only linear impairments were compensated (such as CD and PMD), and the other 

in which digital back-propagation was applied to perform nonlinear compensation 

(NLC) of intra-channel effects. The NLC was performed using one nonlinear step per 

span, as described in section 2.3.2. For the ASE limited region (up to -10dBm of launch 

power for 42.7Gbit/s and -7dBm for 85.4Gbit/s) both curves are identical, since digital 

back-propagation cannot undo the accumulated ASE noise. However, as the launch 

power was increased and the impact of self-phase modulation became more 

pronounced, the use of the digital back-propagation allowed improvement of the 

nonlinear threshold, therefore, increasing the optimum launch and the maximum reach. 

At 42.7Gbit/s the optimum launch power was increased from -6dBm in the case with 

dispersion compensation only to -3dBm in the case when NLC was used. This increase 

by 3dB corresponded to a 72% increase in the maximum reach, that is, from 7760km 

(97spans) to 13600km (170 spans). At 7760km the use of NLC yielded an increase in 

the Q-factor of 0.94dB. 
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Figure 58: Measured maximum reach of PDM-QPSK transmission at 42.7Gbit/s 

and 85.4Gbit/s with linear and nonlinear compensation 

 

For 85.4Gbit/s PDM-QPSK transmission the launch power had to be increased by 

~3dB to achieve the same distances in the linear transmission regime as at 42.7Gbit/s. 

This is because the in-band noise power scales linearly with the symbol rate due to the 

associated spectral broadening. The optimum launch power at 85.4Gbit/s was found to 

be -4dBm, corresponding to a maximum reach of 6080km. The use of NLC increased 

the optimum launch power to -2dBm, corresponding to a maximum reach of 8080km 

(increase by 33%). For 85.4Gbit/s the relative increase in reach is smaller than for 

42.7Gbit/s; this is due to the low-bandwidth photodiodes (11GHz at 6dB) used at the 

receiver at the time these experiments were carried out. At 85.4Gbit/s and high launch 

powers, self-phase modulation broadens the spectrum by introducing chirp, which 

produces new frequency components outside the receiver photodiodes bandwidth. For 

112Gbit/s QPSK experiments, as described later in the section, the balanced 

photodiodes with the bandwidth of 30GHz were used to ensure that most of signal 

frequency components are detected. The performance was then limited by the 16GHz 

bandwidth of a real-time scope, which was used in all experiments. 

An interesting observation when comparing the 42.7Gbit/s and 85.4Gbit/s maximum 

reach curves, obtained with dispersion compensation only, is that for launch powers 

higher than -2.5dBm, the 85.4Gbit/s PDM-QPSK signal can be transmitted further than 

a 42.7Gbit/s signal (Figure 58). This may lead to a wrong conclusion that an 85.4Gbit/s 

PDM-QPSK signal is more tolerant towards intra-channel nonlinearity than a 42.7Gbit/s 

signal. The reason for this superior performance at 85.4Gbit/s at high launch powers is 

solely due to the fact that the whole transmission curve is shifted up by 3dB due to the 
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extra in-band noise, which increases the OSNR penalty, as discussed previously. In 

order to quantify the difference in nonlinear tolerance at various symbol rates, power 

spectral density (PSD) rather than absolute power should be used to take into account 

that the signal power is distributed over a certain bandwidth (the PSD measurement unit 

is W/Hz). Such characterisation was carried out in [133] with the conclusion that for a 

single-channel PDM-QSPK transmission the tolerance towards intra-channel 

nonlinearity decreases with an increase of the symbol rate. 

The experimentally obtained constellations of a 42.7Gbit/s PDM-QPSK signal after 

transmission over 7760km (maximum reach when no NLC was used) are shown in 

Figure 59.     

 

    
(a) (b) (c) (d) 

Figure 59: Recovered constellations of a 42Gbit/s PDM-QPSK signal after 97 spans 

(7760km) and -6dBm launch power. (a) X-polarisation with no NLC; (b) Y-polarisation 

with no NLC; (c) X-polarisation with NLC; (d) Y-polarisation with NLC. 

 

 

4.1.2. Transmission performance at 112Gbit/s 

 

4.1.2.1.Experimental setup 

The experimental set-up used for 112Gbit/s QPSK generation and transmission is 

similar to the one shown in Figure 54. Due to the fact that a different PPG (with the 

capability of operation at 28Gbaud), larger-bandwidth photodiodes (30GHz, as 

mentioned previously), and a different LiNbO3 I-Q modulator were used in this 

experiment (compared to 42.7 and 85.4Gbit/s experiments), the 112Gbit/s transmission 

results were not included in Figure 57 and Figure 58, and are plotted separately. The 

new modulator had the same 2Vπ of 7Vp-p, as the one used in the previous experiment, 

but the lower loss of 8.5dB and the higher launch power (of up to 20dBm) at its input. 

Therefore, a maximum achievable optical power of 17dBm was launched into the I-Q 
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modulator directly from the output of the EDFA. This higher launch power into the 

modulator also allowed to achieve a higher output power, which improved the noise 

characteristics of the following EDFA and the quality of the generated QPSK signal. An 

external cavity laser (ECL) with a measured linewidth of 100kHz was used in this and 

all subsequent experiments, instead of the previously used DFB laser. Such low 

linewidth is required for the blind carrier phase recovery of higher-order modulation 

formats, such as QAM16 [104]. 

 

4.1.2.2.Back-to-back measurements: results and discussion 

Figure 60 shows the receiver sensitivity curve for 112Gbit/s PDM-QPSK signal, 

where the measured BER is plotted as a function of OSNR; the green curve shows the 

results obtained when 30GHz single-ended photodiodes were used, while the red curve 

was measured using balanced photodiodes with the same 30GHz bandwidth. The results 

highlight that both balanced and single-ended detection perform identically when 20dB 

difference between signal and LO powers is maintained. The implementation penalty, 

measured as a difference in theoretical SNR limit [66] and measured BER vs. OSNR 

curve, was determined to be 1.1dB at the BER = 3x10
-3
. This is an improvement in the 

performance compared with 85.4Gbaud PDM-QPSK signal, and occurs due to the 

combination of higher bandwidth receiver, lower loss I-Q modulator and a lower-noise 

PPG used for the 112Gbit/s experiments. 

 

Figure 60: Receiver sensitivity for 112Gbit/s PDM-QPSK when single-ended and 

balanced photodiodes were used 
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4.1.2.3.Maximum reach measurements: results and discussion 

In 112Gbit/s PDM-QPSK transmission, a maximum reach of 6560km (measured at 

the BER=3x10
-3
) was achieved (Figure 61). This is an improvement compared to the 

maximum reach at 85.4Gbit/s, which occurs due to an improved implementation penalty 

at 112Gbit/s, as discussed previously. The use of NLC allowed an increase in the 

optimum launch power from -3.3dBm to 0dBm, resulting in an increase in maximum 

reach to 9600km (corresponding to 46%). These results show that 112Gbit/s PDM-

QPSK can be used for long-haul, and potentially transatlantic (in the case of linear DSP) 

or trans-pacific (in the case when NLC was used) transmission. 

  

 

Figure 61: Measured maximum reach of PDM-QPSK transmission at 112Gbit/s with 

linear (blue line) and nonlinear (green line) compensation 

 

The disadvantage of the NLC technique is that it is more computationally intensive 

than the conventional DSP for linear compensation only, which may present a problem 

for practical transponder design where speed and energy consumption are important. In 

addition, it is not clear whether NLC brings a significant benefit to systems operating in 

the WDM regime. This is further discussed in Chapter 5, which looks at the 

functionality of NLC in WDM transmission, comparing the achievable benefits. To 

maximise the benefit from NLC in WDM systems would require the receiver bandwidth 

to cover not only the channel of interest but also to extend over several adjacent 

channels (equivalent to few hundred GHz of bandwidth). This would allow to 

compensate not only for self-phase-modulation (SPM) but also for the cross-phase-

modulation (XPM) – the limiting nonlinear transmission impairments in WDM systems. 
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The detailed analysis of the number of channels required to be detected to maximise the 

efficiency of NLC, and the usefulness of NLC in compensating inter-channel nonlinear 

effects was outside the scope of the research covered in this thesis. This, however, is 

currently an active topic of research amongst other research groups, e.g. [109].  

 

 

4.1.3. Comparison of NRZ and RZ pulse shapes 

 

The rationale behind using RZ instead of NRZ pulses at the transmitter is to increase 

the tolerance towards nonlinearity, which ultimately results in an increase in the 

maximum reach and the launch power margin for a fixed transmission distance. Such 

increased tolerance is due to the wider spectrum of an RZ signal, which reduces phase-

matching between the adjacent frequency components during propagation through 

dispersive media [62]. This effect has been shown in [60], where for a fixed 

transmission distance of 1600km over a dispersion-managed link the use of WDM RZ-

QPSK did not affect the maximum Q-factor, but improved the Q-factor margin. For a 

single-channel, the results in [61] demonstrated that RZ-QPSK with interleaved 

polarisations performed better than NRZ-QPSK with aligned polarisations for a fixed 

distance of 1200km over dispersion-managed link with low dispersion fibre. Despite the 

potential disadvantages associated with a wider spectrum of RZ signal, i.e. reduced 

spectral efficiency, increased linear WDM crosstalk and the need for higher-bandwidth 

ADCs at the receiver, its use is justified by a significant (as will be shown in a later 

section) increase in the maximum reach. In the experiments carried out in this research 

work, RZ pulses with 50% duty cycle (RZ50) were studied. 

 

4.1.3.1.Experimental setup 

The experimental setup for 112Gbit/s RZ50-QPSK transmission is similar to the one 

in Figure 54, with the exception of a pulse carver to generate an RZ50 data pulses from 

the incoming NRZ pulses (Figure 62). For pulse carving the Mach-Zehnder modulator 

(MZM) was driven from the same clock generator as the PPG; the MZM was driven by 

a full clock rate of 28GHz, whilst the PPG – at the half clock rate of 14GHz. The 

driving conditions were 5Vp-p (Vπ of the modulator) with the bias point set in the middle 



 

point (in terms of amplitude) of 

in section 2.2.3. An e

symbol duration. The polarisation multiplexing stage

loop were identical to

 

Figure 62: Experimental setup for 112Gbit/s PDM

 

 

4.1.3.2.Back-to

An optical spectrum broadening when using RZ50 pulse shape instead of NRZ was 

measured using an OSA and is shown in 

NRZ-QPSK and RZ50

respectively. Because the carving signal is aligned with the symbol duration, the 

transitions from one signal state to another are removed

 

Figure 63: Optical spectra of 112Gbit/s PDM

 

100 

point (in terms of amplitude) of the modulator transfer function, as shown in 

An electrical delay line was used to align the carving window with the 

The polarisation multiplexing stage and the design of the recirculating 

identical to the 112Gbit/s NRZ-QPSK experimental set-

: Experimental setup for 112Gbit/s PDM-RZ50-QPSK transmission

to-back measurements: results and discussion

An optical spectrum broadening when using RZ50 pulse shape instead of NRZ was 

measured using an OSA and is shown in Figure 63. The eye diagrams of 28Gb

QPSK and RZ50-QPSK signals are also shown in Figure 64

respectively. Because the carving signal is aligned with the symbol duration, the 

transitions from one signal state to another are removed in the process of pulse shaping

Optical spectra of 112Gbit/s PDM-QPSK NRZ and RZ50 signals

the modulator transfer function, as shown in Figure 16 

lectrical delay line was used to align the carving window with the 

the design of the recirculating 

-up. 

 

QPSK transmission 

: results and discussion 

An optical spectrum broadening when using RZ50 pulse shape instead of NRZ was 

The eye diagrams of 28Gbaud 

64(a) and Figure 64(b), 

respectively. Because the carving signal is aligned with the symbol duration, the 

in the process of pulse shaping. 

 

QPSK NRZ and RZ50 signals 
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(a) 

 

(b) 

Figure 64: Eye diagrams of 28Gbaud QPSK signal; (a) NRZ (b) RZ50 

 

 

When comparing the receiver sensitivity of 112Gbit/s NRZ-QPSK versus RZ50-

QPSK, the use of an RZ50 pulse shape increased the implementation penalty by 

additional 0.6dB to overall value of 1.7dB (Figure 65). This can be attributed to the 

limited bandwidth (16GHz) of the analogue-to-digital converters (ADCs), which for an 

RZ50 signal with wider spectrum yields larger cut-off in its frequency contents. At the 

time this experiment was carried out, these were the state-of-the-art commercially 

available ADCs and it was, therefore, not possible to increase the overall receiver 

bandwidth. However, similarly to NRZ, the 112Gbit/s RZ50-QPSK signal performed 

error-free without the noise loading (also measured over 2
19
 symbols). 

 

 

Figure 65: Measured and theoretical receiver sensitivity for a single-channel 

112Gbit/s PDM-QPSK with NRZ and RZ50 pulse shapes 
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4.1.3.3.Maximum reach measurements 

Next, the maximum reach was measured as a function of the launch power into the 

fibre (with a step between 0.5-1.5dB), and the results are shown in Figure 66. These 

results allow the comparison of NRZ- and RZ50-QPSK transmission at 112Gbit/s, both 

with and without NLC. It can be seen that at the low input launch powers of up to -

5dBm the performance for all four configurations was practically identical, as expected 

(since NLC cannot undo the ASE noise accumulation); RZ50 performed slightly worse 

(~0.5dB) than NRZ due to the OSNR penalty shown in Figure 65. Because of the 

higher tolerance towards intra-channel nonlinearity, the use of RZ50 allowed an 

increase in optimum launch power from -3.3dBm to -2.3dBm. This also resulted in an 

increase in the maximum reach from 6560km to 7760km (18% improvement) and an 

increase in the launch power margin for high powers by ~1.5dB. The use of NLC for 

RZ50-QPSK transmission resulted in a further increase in the optimum launch power 

from -2.3dBm to -0.5dBm, and in the maximum reach from 7760km to 10160km (31% 

improvement). The launch power margin was increased by up to 3dB, depending on the 

transmission distance. It should be noted that the improvement when NLC was used for 

RZ50-QPSK was reduced compared to NRZ-QPSK (31% instead of 46%). This means 

that in the case when NLC was used, RZ50-QPSK yielded only a marginal increase in 

the maximum reach, and the two curves almost overlap, as shown in Figure 66. This is 

due to the fact that in the nonlinear transmission regime (launch powers >1dBm) the 

new frequency components are introduced in the RZ50 signal spectrum, which is 

already broader than NRZ signal as shown in Figure 63. This means that in the 

nonlinear transmission regime the limited analogue bandwidth of the ADCs at the 

receiver further filters the RZ50 signal frequency components. 
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Figure 66: Measured maximum reach of single-channel NRZ- and RZ50-QPSK 

transmission at 112Gbit/s with linear (blue and red lines) and nonlinear (green and black 

lines) compensation 

 

It can, therefore, be concluded that the use of RZ50 pulses instead of NRZ 

significantly improves the transmission performance. While RZ-QSPK with linear DSP 

underperforms NRZ-QPSK with NLC by 24% in terms of the maximum reach, the 

complexity of the digital receiver is also reduced in the case of RZ-QPSK with linear 

DSP. In the next sections of the thesis the performance of RZ50 pulses vs. NRZ is 

compared for QAM16 signals (section 4.2) and also for WDM configurations (Chapter 

5). 
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4.2 QAM16 

  

As described in section 4.1.2, the bit-rate of 100Gbit/s can be achieved using a PDM-

QPSK signal operating at 28Gbaud (for the overall bit rate of 112Gbit/s including FEC). 

Indeed, such a configuration can yield ultra-long distances, potentially sufficient to 

cover trans-oceanic routes, as shown in Figure 66. The QPSK signal has a lower 

required OSNR than higher-order modulation formats both for the equivalent symbol- 

and bit-rates. It also benefits from the single amplitude (constant modulus), which 

makes the DSP at the receiver easier and increases the tolerance to nonlinearity 

compared to multi-level modulation formats. 

The benefit of generating 112Gbit/s signals using QAM16, however, is due to the 

lower symbol rate of 14Gbaud required (lower by a factor of two compared to QPSK). 

A lower symbol rate relaxes the requirements on the bandwidth of the electronics at the 

transmitter and the receiver, reducing the cost of the electrical and optoelectronic 

components used. QAM16 can also increase the spectral efficiency in WDM 

transmission, as the spacing between the WDM channels can be reduced.  

Another advantage of QAM16 over QPSK signals is that at higher bit-rates (e.g. 

224Gbit/s), it becomes impractical to use a QPSK signal since this would require a 

symbol rate of 56Gbaud for which electronics at the transmitter and receiver is not 

easily available. Therefore, a 28Gbaud PDM-QAM16 could be a more effective 

solution to obtain a 224Gbit/s overall bit-rate. To date, 28Gbaud PDM-QAM16 

transmission has been carried out by only 4 research groups, including the present 

research work at University College London. Table 3 compares several possible 

configurations for 224Gbit/s QAM16 transmission: advanced fibre vs. SMF, EDFAs vs. 

hybrid amplification, RZ50 vs. NRZ, and linear impairments compensation vs. NLC. 

The importance of the 224Gbit/s QAM16 transmission results, carried out as part of this 

research work, is that the feasibility of long-haul transmission was demonstrated for 

standard SMF links with EDFAs only. In particular, a transmission distance of 2000km 

can be achieved by only upgrading the transmitter (from NRZ to RZ pulses) and the 

receiver (to include NLC); this is in contrast with another demonstration of 2000km 

transmission using an advanced fibre type and Raman amplification [85].  



 

Table 3. Comparison of previous work on 200Gbit/s QAM16 transmission and the 

 

QAM16 is also a promising candidate 

the 2
nd
 generation future optical transport systems. 

and transmit a 448Gbit/s 

in [5]. Although custom built components were used for QAM16 generation and 

detection, with the further development

likely that a 400Gbit/s solution based on QAM16 modulation format will be a viable 

one. 

The aim of this set of experiments was to design a technique for the generation of 

QAM16 modulation format and investigate its transmission performance at 100 and 

200Gbit/s. Similarly to the QPSK transmission, t

comprehensive experimental study of Q

terms of the maximum reach

of NRZ and RZ pulse shapes at both 112 and 224Gbit/s, and the first demonstration of 

NLC at such bit-rates. 

transmission distance for SMF links with EDFAs only.

Similar to the QPSK experiments carried out in the last section, the main quantities 

measured in the QAM16 single

(BER vs. OSNR) and the dependence of maximum reach on the launch power into the 

fibre of the NRZ- and RZ50
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Comparison of previous work on 200Gbit/s QAM16 transmission and the 

results of the present research work 

QAM16 is also a promising candidate to generate 400Gbit/s –

generation future optical transport systems. Indeed, the feasibility to generate 

and transmit a 448Gbit/s (56Gbaud and PDM) QAM16 signal over 1200km was 

Although custom built components were used for QAM16 generation and 

ith the further developments in the transmitter and receiver 

likely that a 400Gbit/s solution based on QAM16 modulation format will be a viable 

The aim of this set of experiments was to design a technique for the generation of 

QAM16 modulation format and investigate its transmission performance at 100 and 

Similarly to the QPSK transmission, this research work shows the first 

ive experimental study of QAM16 transmission at 112

terms of the maximum reach [10] [11]. The results also show the first 

of NRZ and RZ pulse shapes at both 112 and 224Gbit/s, and the first demonstration of 

rates. Finally, this research work shows the longest 224Gbit/s QAM16 

transmission distance for SMF links with EDFAs only. 

QPSK experiments carried out in the last section, the main quantities 

measured in the QAM16 single-channel experiments are back

(BER vs. OSNR) and the dependence of maximum reach on the launch power into the 

and RZ50-QPSK signals, measured at 112Gbit/s and 224Gbit/s.

 

Comparison of previous work on 200Gbit/s QAM16 transmission and the 

– the likely bit-rate of 

Indeed, the feasibility to generate 

QAM16 signal over 1200km was studied 

Although custom built components were used for QAM16 generation and 

in the transmitter and receiver technology, it is 

likely that a 400Gbit/s solution based on QAM16 modulation format will be a viable 

The aim of this set of experiments was to design a technique for the generation of 

QAM16 modulation format and investigate its transmission performance at 100 and 

his research work shows the first 

transmission at 112 and 224Gbit/s in 

also show the first direct comparison 

of NRZ and RZ pulse shapes at both 112 and 224Gbit/s, and the first demonstration of 

this research work shows the longest 224Gbit/s QAM16 

QPSK experiments carried out in the last section, the main quantities 

channel experiments are back-to-back performance 

(BER vs. OSNR) and the dependence of maximum reach on the launch power into the 

PSK signals, measured at 112Gbit/s and 224Gbit/s. 
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4.2.1 Optical synthesis of a QAM16 signal 

 

It was shown in Section 2.2.5 that it is highly desirable to use binary rather than 

multilevel electrical signals to drive the I-Q modulators. With this is mind, a new 

approach was proposed for a QAM16 transmitter, which can be assembled from 

inexpensive, off-the-shelf fibre-coupled components, and represents a valuable research 

tool for the investigation of high-speed transmission performance. 

The QAM16 generation mechanism is based on the modified version of the phase-

stabilised OTDM multiplexer, as described in section 3.2. First, a QPSK signal was 

generated as described in section 2.2.4, using an I-Q modulator driven with two binary 

signals. The QPSK signal was then launched into a phase-stabilised fibre interferometer, 

similar to the one used in the bit-wise OTDM transmission experiment. Similarly, phase 

stabilisation was achieved by counter-propagating part of the CW light of the source 

laser in the interferometer, detecting the interference product between the two arms with 

a low-bandwidth (2GHz) photodiode and processing an electrical interference product 

with a feedback circuit to provide a control signal for the phase shifter (Figure 67). The 

feedback circuit used in the experiment was a commercially available ditherless bias 

controller from YYLabs, and had the option to set the desired operating point (hence, 

the phase) and to track the phase variations in the interferometer, as described in section 

3.2. 

Within the fibre interferometer, signals in the two arms were decorrelated by 1214ps 

(corresponding to 17 and 34 symbols for 14Gbaud and 28Gbaud QAM16 signals, 

respectively), time aligned and attenuated by 6dB with respect to each other. Note, that 

this is different to the OTDM multiplexer in section 3.2, where two signals with equal 

amplitudes were interleaved by ½ the bit period. In the QAM16 generation process a 

large-amplitude QPSK signal determines the quadrant to which the QAM16 symbol is 

mapped, while the small-amplitude QPSK signal determines the phase within each 

quadrant (Figure 68). The large amplitude constellation points, shown in red, disappear 

during the interference. This QAM16 generation technique allowed for simple design, 

suppressed electrical noise transfer into the optical domain and the ability to use the RF 

components suited for binary signals. 

 



 

Figure 67

 

It is important to note that

interferometer must be set to 0° or 90° 

to obtain a perfect QAM16 signal with three intensity levels (

Intermediate phase values will distort the QAM16 constellation, e.g. 45° will result in a 

signal with only 2 intensity levels (

 

Figure 68: The generation principle of QAM16 signal

disappear during the generation process and are simply shown to 

generation process

 

 

While the QPSK bits at the transmitter are inherently Gray coded, as discussed 

previously in Section

means that one symbol error can result in more than one bit error, which is undesirable. 

For the QAM16 generation used in this research work (
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67: Experimental set-up for optical generation of

It is important to note that the phase difference between 

be set to 0° or 90° due to the symmetry of the original QPSK signal 

to obtain a perfect QAM16 signal with three intensity levels (

Intermediate phase values will distort the QAM16 constellation, e.g. 45° will result in a 

2 intensity levels (Figure 68(b)). 

 

(a) 

The generation principle of QAM16 signal. Red constellation points 

disappear during the generation process and are simply shown to 

 (a) Perfect phase alignment in the interferometer (0° or 90°); (b) 

Phase misalignment (45°) 

QPSK bits at the transmitter are inherently Gray coded, as discussed 

Section 2.3.4, the QAM16 bit mapping is not necessarily Gray coded. 

means that one symbol error can result in more than one bit error, which is undesirable. 

QAM16 generation used in this research work (Figure 67

 

ion of QAM16 

the phase difference between the two arms of the 

due to the symmetry of the original QPSK signal 

to obtain a perfect QAM16 signal with three intensity levels (Figure 68(a)). 

Intermediate phase values will distort the QAM16 constellation, e.g. 45° will result in a 

 

(b) 

. Red constellation points 

disappear during the generation process and are simply shown to help understand the 

(a) Perfect phase alignment in the interferometer (0° or 90°); (b) 

QPSK bits at the transmitter are inherently Gray coded, as discussed 

, the QAM16 bit mapping is not necessarily Gray coded. This 

means that one symbol error can result in more than one bit error, which is undesirable. 

67 and Figure 68), an 



 

initial bit mapping [A

Q0, I1, Q1] on the QAM16 bits the following procedure must be performed

69(b)): 

 

 

(a)

Figure 69: (a) Initial QAM16 bit mapping at the transmitter (b) QAM16 bit mapping 

 

 

It must be noted that t

transmitter, which would 

arm. To date, a real QAM16 transmitter using 

has been realised in a PLC

each waveguide path 
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A, B, C, D] is shown in Figure 69(a). To obtain

on the QAM16 bits the following procedure must be performed

I0 = A 

Q0 = B 

I1 = A XOR C 

Q1 = B XOR D 

 

(a) (b)

(a) Initial QAM16 bit mapping at the transmitter (b) QAM16 bit mapping 

after Gray coding 

It must be noted that the proposed setup emulates a realistic optical QAM16 

would consist of two I-Q modulators, separately driven in each MZI 

real QAM16 transmitter using an optical interferometric arrangement

has been realised in a PLC-based MZI configuration with two I-Q modulators 

 [70]. 

obtain a Gray mapping [I0, 

on the QAM16 bits the following procedure must be performed [8] (Figure 

 (25) 

 (26) 

 (27) 

 (28) 

 

(b) 

(a) Initial QAM16 bit mapping at the transmitter (b) QAM16 bit mapping 

etup emulates a realistic optical QAM16 

modulators, separately driven in each MZI 

optical interferometric arrangement 

Q modulators – one in 
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4.2.2. Transmission performance at 112Gbit/s and 224Gbit/s 

 

4.2.2.1.Experimental setup 

To generate a 14/28Gbaud QAM16 signal, a 14/28Gbaud QPSK signal was first 

generated using the technique, previously described in section 2.2.4. In the case of 

14Gbit/s, the PPG had a capability of using two PRBS binary patterns, decorrelated by 

½ pattern length with respect to each other. The half pattern decorrelation was not 

available at 28Gbit/s due to an additional 2:1 electrical multiplexer used to generate 

binary PRBS at higher than 14Gbit/s, therefore, the bits used for I and Q modulation 

were decorrelated with respect to each other using different length RF cables (by 

~500ps) (Figure 70). A QAM16 signal was then optically synthesised from the two 

QPSK signals with different amplitude levels, as described in Section 5.2.1. Within the 

polarisation multiplexing stage, the two polarisations were decorrelated by 32 symbols 

and 64 symbols for 14Gbaud and 28Gbaud QAM16 signals, respectively. The 

recirculating loop and the coherent receiver were identical to the previous experiment. 

 

Figure 70: Experimental setup for 112 and 224Gbit/s PDM-QAM16 transmission 

 

4.2.2.2.Back-to-back measurements: results and discussion 

The eye diagrams of the generated QAM16 signal at 14 and 28Gbaud were measured 

using a digital communication analyser (DCA), and are shown in Figure 71. No major 

degradation can be observed from the eye diagrams with the increase in the symbol rate, 

which means that the 28Gbaud signal is not subject to bandwidth limitation at the 

transmitter. 
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(a) 

 

(b) 

Figure 71: Measured eye diagrams of (a) 14Gbaud and (b) 28Gbaud QAM16 signal 

 

In the back-to-back measurements, 1.7dB of implementation penalty was measured 

for 112Gbit/s PDM-QAM16 signal (Figure 72). This penalty increased to 3.3dB for 

224Gbit/s PDM-QAM16 signal. Both penalty values were measured at BER = 3x10
-3
. 

As before, an increase in symbol rate by a factor of two resulted in an additional 3dB 

OSNR penalty due to the doubling of the bandwidth. 

 

Figure 72: Measured and theoretical receiver sensitivity for 112Gbit/s (blue) and 

224Gbit/s (red) PDM-QAM16 signals 

 

Figure 73 shows an equalised back-to-back QAM16 constellation before (Figure 

73(a,c)) and after carrier frequency/phase estimation (Figure 73(b,d)). In the case of 

112Gbit/s the signal was found to be error free over 2
19
 symbols. At 224Gbit/s the error 

floor was found to be at 8x10
-5
. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 73: Received QAM16 signal in a complex plane at (a,b) 14Gbaud and (c,d) 

28Gbaud. Figures (a) and (c) show the QAM16 signal after digital equalisation, while 

Fig. (b) and (d) show the recovered QAM16 constellation 

 

4.2.2.3.Maximum reach measurements: results and discussion 

To characterise the transmission performance of QAM16 signals, the maximum 

reach curves were measured as a function of launch power into the fibre (at BER = 

3x10
-3
) and are shown in Figure 74. In the case of 112Gbit/s the optimum launch power 

was found to be -3dBm, corresponding to the maximum reach of 2400km. When using 

NLC the optimum launch power increased to -0.5dBm, with a subsequent increase in 

reach to 3920km. This 63% increase in the maximum reach is comparable to a 72% 

increase in the case of 112Gbit/s QPSK transmission. At 224Gbit/s QAM16 

transmission the optimum launch power was found to be -1dBm, corresponding to a 

maximum reach of 1280km. When using NLC the optimum launch power and 

maximum reach were increased to 0dBm and 1600km, respectively. The smaller 

relative increase (25%) in the maximum reach at 28Gbaud for QAM16 signals is due to 

the same reason as for QPSK: the rejection of spectral components due to the limited 

bandwidth of the ADCs at the receiver. The difference between the linear part of the 
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reach curves at 14 and 28Gbaud is 4.8dB (at 800km). This can be explained by the 3dB 

theoretical OSNR penalty at 28Gbaud and an additional difference in the 

implementation penalty, as shown in Figure 72. The fact that at 800km and high launch 

powers to the fibre 224Gbit/s QAM16 slightly outperforms 112Gbit/s QAM16 (as 

shown in Figure 74(a)), does not mean that 224Gbit/s is more tolerant towards 

nonlinearity. Similarly to the QPSK transmission results at different symbol rates, this is 

due to the fact that the absolute launch power plotted on the X-axis does not take into 

account the 3dB OSNR penalty at 224Gbit/s due the twice wider spectrum. The 

quantification of the tolerance towards nonlinearity using a power spectral density 

instead of an absolute launch power, was reported in [133]. Comparing the 112Gbit/s 

QPSK and QAM16 transmission (Figure 74(a) and Figure 74(b)) it is evident that the 

advantages of QAM16 modulation (increased spectral efficiency, lower bandwidth 

electronics) comes at the expense of reduced maximum reach. QPSK outperforms 

QAM16 by a factor of 2.7 when linear DSP was used and a factor of 2.45 when NLC 

was used.  The comparison of QPSK and QAM16 transmission at 224Gbit/s was not 

performed, since the generation of 224Gbit/s PDM-QPSK signals would require the 

symbol rate of 56Gbit/s, currently unavailable in UCL research laboratory. 

  

 

(a) 

 

(b) 

Figure 74: Comparison of maximum reach of (a) PDM-QAM16 transmission at 

112/224Gbit/s and (b) PDM-QPSK at 112Gbit/s with linear and nonlinear 

compensation. 
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4.2.3 Comparison of NRZ and RZ50 pulse shapes in transmission 

 

4.2.3.1. Experimental set-up 

To generate an RZ50-QAM16 signal the original QAM16 generation setup was 

modified to include a pulse carver, driven by 14GHz or 28GHz to generate a 14Gbaud 

or 28Gbaud RZ50-QAM16 signal, respectively (Figure 75). The rest of the set-up, 

including the components used in the recirculating loop (optical filter, EDFAs etc.), is 

the same as in Figure 70, described in section 4.2.2.1. 

 

Figure 75: Experimental set-up for NRZ- and RZ50-QAM16 transmission at 112 and 

224Gbit/s 

 

4.2.3.2.Back-to-back measurements: results and discussion 

The eye diagrams of the generated 14 and 28Gbaud QAM16 signals are shown in 

Figure 76. Similar to the previously shown NRZ eye diagrams, there is apparently no 

difference between the RZ50 eye diagrams at two different symbol rates. However, the 

received back-to-back RZ50-QAM16 constellations exhibited different performance at 

112 and 224Gbit/s due to the pronounced effect of limited bandwidth of the ADCs on 

the 224Gbit/s (28Gbaud) signals (Figure 77). The back-to-back RZ50-QAM16 signal 

was determined to be error free at 112Gbit/s, and had an error floor of 1x10
-5
 at 

224Gbit/s (both measured over 2
19
 symbols, as in the previous experiments). 
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(a) 

 

(b) 

Figure 76: Eye diagrams of (a) 14Gbaud and (b) 28Gbaud RZ50-QAM16 signal 

 

 

(a) 

 

(b) 

Figure 77: RZ50-QAM16 constellation diagrams at (a) 112Gbit/s and (b) 224Gbit/s 

   

To further compare the back-to-back performances of NRZ- and RZ50-QAM16 at 

112 and 224Gbit/s, the receiver sensitivity was measured at each bit-rate (Figure 78). 

Overall, NRZ and RZ50 show a similar performance in the receiver sensitivity at both 

bit-rates, however, RZ50 has a slightly better implementation penalty of 1.5dB at 

112Gbit/s (measured at the BER=3x10-3). This is the lowest implementation penalty for 

112Gbit/s QAM16 signal reported to date. In addition, at 224Gbit/s RZ50 starts to 

outperform NRZ for the BERs<1x10
-3
. The back-to-back measurements were also 

carried out for the configuration with the interleaver at the transmitter – the use of an 

interleaver did not affect the shape of the BER vs. OSNR curves for all cases apart from 

RZ50 at 224Gbit/s, which is indicated in Figure 78(b). 
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(a) 

 

(b) 

Figure 78: Comparison of the back-to-back performances for NRZ- and RZ50-

QAM16 signals at (a) 112Gbit/s; (b) 224Gbit/s 

 

 

4.2.3.3.Maximum reach measurements: results and discussion 

The similarity of the back-to-back performance of NRZ and RZ50 pulse shapes is 

also translated in the linear transmission regime where comparable distances are 

achieved for both pulse shapes, and the four curves overlap (Figure 79). At 112Gbit/s 

the optimum launch power was found to be -3dBm for NRZ-QAM16, increased to -

2dBm for RZ50-QAM16, and up to 0dBm when digital nonlinearity compensation 

(NLC) was used. Similarly to QPSK, such increased optimum launch power is due to an 

increased tolerance towards nonlinearity when RZ50 pulses were used and the fact that 

NLC can mitigate for nonlinearity, so the highest optimum launch power of 0dBm was 

obtained when both RZ50 and NLC were used. Overall, the use of RZ pulses instead of 

NRZ led to an increase in the maximum reach from 2400km to 2800km (17% increase).  

The use of NLC for NRZ pulses, however, allowed for an increase in the maximum 

reach from 2400km to 3920km (63% increase), compared with the configuration when 

no NLC was used. This means that for a single-channel transmission and when the 

symbol rate is such that there is no bandwidth limitation at the receiver, the use of NLC 

yields a higher benefit that the use of RZ50 pulses in terms of an improvement in the 

maximum reach. When applying both RZ50 pulses and NLC the maximum reach was 

increased to 4240km, i.e. by 77% compared when NRZ without NLC.  
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(a) 

 

(b) 

Figure 79: Maximum reach of PDM-QAM16 transmission with NRZ and RZ50 pulse 

shapes, and linear and nonlinear compensation at (a) 112Gbit/s (b) 224Gbit/s 

 

 

It can also be seen that at 224Gbit/s RZ50-QAM16 outperformed NRZ-QAM16 with 

NLC by 80km in terms of the maximum achievable transmission distance. This is 

because the use of NLC is less efficient at higher symbol rates due to an associated 

bandwidth limitation at the receiver ADCs, and therefore an upgrade from NRZ to 

RZ50 (1280km to 1680km; 31%) is more desirable compared to an upgrade from NRZ 

to NRZ with NLC (1280km to 1600km; 25%) from the performance and design 

simplicity point of view. When both RZ50 and NLC were used, the maximum reach 

was increased to 2000km, i.e. 56% improvement compared to NRZ without NLC. This 

result represents the longest transmission distance for SMF links with EDFAs only. 

The results of this part of the research work represent the lowest implementation 

penalty (1.5dB) of the 112Gbit/s QAM16 generated signal and the longest 112Gbit/s 

QAM16 transmission (4240km) reported to date. At 224Gbit/s the achieved 

transmission distance of 2000km is currently the longest distance reported for SMF link 

with EDFAs only. The 224Gbit/s QAM16 transmission was also simulated in Matlab, 

and the results shown in section 5.2 represent an excellent agreement between 

experiments and simulations for both NRZ and RZ50 pulses. 

 

 

 



 

4.2.4 Generation of 

 

While 224Gbit/s (

research groups (including UCL) over the last 15 months, the generation and 

transmission of QAM16 signals with higher symbol rates still 

The generation of a 400Gbit/s data rates 

future optical networks

QAM16 symbol rates.

In this research work the 

investigated as an interim step towards 50Gbaud symbol rates. For each symbol rate 

back-to-back Q-factor was measured
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and severely distort
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1.58x10
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Figure 80: (a) Measured e
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Generation of QAM16 signals up to 42Gbaud

While 224Gbit/s (28Gbaud) QAM16 transmission has been demonstrated by 

research groups (including UCL) over the last 15 months, the generation and 

transmission of QAM16 signals with higher symbol rates still represents 

The generation of a 400Gbit/s data rates per single carrier would be high

future optical networks; however, this would require 50Gbaud (+

QAM16 symbol rates. 

n this research work the lower QAM16 symbol rates of 

investigated as an interim step towards 50Gbaud symbol rates. For each symbol rate 

factor was measured. Figure 80(a) shows the single

QAM16 eye diagram at 35Gbaud, where 3 amplitude levels of the QAM16 signal are 

clearly visible. The corresponding constellation is shown in Figure 

factor was found to be 10.25dB (BER = 5.7x10
-4
). When the symbol rate 

was increased to 42Gbaud the bandwidth limitation at the transmitter bec

severely distorted the optical eye (Figure 81(a)). The 

limitation at the receiver (predominantly from the ADCs at the receiver

the signal; the back-to-back Q-factor was measured to be 

81(a)). 

 

(a) 

Measured eye diagram and (b) constellation diagram of a 35Gbaud 

single-polarisation QAM16 signal 

signals up to 42Gbaud 

been demonstrated by 

research groups (including UCL) over the last 15 months, the generation and 

represents a challenge. 

per single carrier would be highly desirable for 

is would require 50Gbaud (+ FEC overhead) 

of 34 to 42Gbaud were 

investigated as an interim step towards 50Gbaud symbol rates. For each symbol rate the 

shows the single-polarisation 

, where 3 amplitude levels of the QAM16 signal are 

Figure 80(b), for which the 

). When the symbol rate 

was increased to 42Gbaud the bandwidth limitation at the transmitter became apparent, 

 additional bandwidth 

s at the receiver) even further 

factor was measured to be only 6.25dB (BER = 

 

(b) 

ye diagram and (b) constellation diagram of a 35Gbaud 
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(a) 

 

(b) 

Figure 81: (a) Measured eye diagram and (b) constellation diagram of a 42Gbaud 

single-polarisation QAM16 signal 

 

Overall, it was found that the BER of 3.8x10
-3
 (the maximum allowable BER 

assuming conventional 7% FEC) was reached at approximately 39Gbaud (Figure 82). 

To illustrate transmission at symbol rates higher than 28Gbaud, in a preliminary 

experiment, a 35Gbaud single-polarisation QAM16 signal was successfully sent over 

320km, with a measured BER of 3.4x10
-3
, although the detailed investigation of this 

was beyond the scope of this thesis due to time constraints. At the time this experiment 

was carried out this was the highest QAM16 symbol rate reported; however, by late 

2010 the work by Bell Labs demonstrated 56Gbaud PDM-QAM16 generation and 

transmission using custom-built components and two synchronised 2-channel 80-

GSamples/s ADCs with analogue bandwidth of 32.5GHz [5]. 

 

Figure 82: Measured back-to-back dependence of the Q-factor on QAM16 symbol rate 
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4.3 Summary 

 

The performance of QPSK and QAM16 signals in single-channel transmission was 

described in this chapter. While QPSK modulation is most suitable for the optical 

transport networks with the bit rates of 40 and 100Gbit/s, the bit rates of 200Gbit/s and 

higher would most likely require the modulation formats with higher spectral efficiency, 

such as QAM16. The advantage of QAM16 over QPSK is the lower symbol rate (by a 

factor of two) required to achieve an equivalent bit-rate, which results in the higher 

spectral efficiency, and yields the potential of generating the bit-rate of 200Gbit/s and 

higher using the electronics with a modest bandwidth. The overall conclusion is that 

QPSK format is more suitable for transoceanic transmission, where distances exceeding 

6000km are required, while QAM16 - for shorter (~1000-2000km) terrestrial links but 

at a higher bit-rate. The investigation of higher-order QAM signals was outside the 

scope of this research work. 

At both 40 and 100Gbit/s the results of this research work show the feasibility of 

achieving transatlantic distances of >6000km (all measurements taken assuming BER = 

3x10
-3
). At 42.7Gbit/s (40Gbit/s + FEC overhead) the maximum transmission distance 

of 7760km (transatlantic) was achieved and was further increased to 13600km 

(transpacific) when digital nonlinearity compensation (NLC) is used (i.e. 75% increase 

in reach). It is this long transmission distance that makes a 40Gbit/s QPSK coherent 

solution very attractive for submarine and long-haul applications. 

 At 112Gbit/s (100Gbit/s + FEC overhead) various transmission configurations 

employing a 28Gbaud polarisation-division-multiplexed (PDM) QPSK signals were 

tested in this research work. In the simplest one, employing NRZ pulses and no NLC, a 

maximum transmission distance of 6560km was achieved. In a more advanced scenario 

(RZ pulses with NLC) the transmission distance was increased to 10160km (i.e. 55% 

increase in reach), exceeding the transpacific distance. The main conclusion is that an 

upgrade at the receiver (from NRZ to NRZ with NLC) is the preferred solution to an 

upgrade at the transmitter (from NRZ to RZ50); the former solution yields the 

transmission distance of 9600km while the latter – 7760km (i.e. 24% difference). It 

must be noted that this improvement comes at the expense of digital coherent receiver 

complexity, since digital NLC is more computationally intensive, hence, less energy 
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efficient compared to the standard DSP algorithms. In the course of this research work it 

was determined that the use of NLC can increase the computational time by as much as 

200%, compared to the case with linear DSP.    

An alternative way to obtain a 112Gbit/s signal is by using a PDM-QAM16 

modulation format at a lower symbol rate of 14Gbaud, which means that only half the 

bandwidth of a 28Gbaud QPSK signal is required to obtain the same overall bit rate. 

However, this increase in spectral efficiency comes at the expense of reduced 

transmission distance. The maximum reach of QAM16 signals at 112Gbit/s was found 

to be 4240km, which is lower than 10160km obtained for 112Gbit/s QPSK 

transmission. Although the difference in reach is substantial, this is still the longest 

transmission distance of 112Gbit/s QAM16 reported to date. In its simplest form (i.e. 

NRZ and no NLC) the maximum transmission distance was reduced down to 2400km. 

Similar to the QPSK transmission experiments, an upgrade at the receiver is a preferred 

solution to an upgrade at the transmitter in terms of the maximum achievable reach; the 

former allowed to achieve 3920km, while the latter only 2800km. This corresponds to a 

40% difference in the obtained values for maximum reach. 

At 224Gbit/s (28Gbaud) the maximum reach of QAM16 was found to be 2000km 

and was obtained when using RZ50 pulses and NLC, as previously. Out of the four 

configurations investigated, the worst performance was when using NRZ pulses and no 

NLC, as expected. Perhaps an interesting conclusion is that the configuration employing 

RZ pulses without NLC slightly outperforms the one with NRZ pulses and NLC in 

terms of the maximum reach (1680km vs. 1600km). The effectiveness of NLC also 

decreases in WDM experiments, as will be shown in the following chapter; hence, the 

use of RZ50 pulses becomes a preferred solution to the use of NLC. 

Investigation of QAM16 signals at higher data rates (34-42Gbaud) was also carried 

out, and the maximum detected symbol rate was determined to be 39Gbaud (achieved 

BER 3.8x10
-3
). To illustrate transmission at symbol rates higher than 28Gbaud, in a 

preliminary experiment, a 35Gbaud QAM16 signal was successfully sent over 320km. 

Further investigation of high-rate QAM16 signals would require higher bandwidth of 

components at the transmitter and the receiver, or the use of optical signal processing, 

such as OTDM.    
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5. WDM Transmission of QPSK and 

QAM16 Signals 

 

While single-channel transmission experiments described in chapter 4 were used to 

establish an upper-bound on the transmission performance, all practical optical fibre 

transport systems are based on wavelength division multiplexing (WDM) (see chapters 

1, 2). WDM allows the optical infrastructure to be shared amongst many channels, thus 

reducing the cost per transmitted information bit in a fully loaded system [134]. WDM 

also allows unprecedented capacities by using tens of channels, typically packed close 

to each other for ultimate spectral efficiencies (11bit/s/Hz is the highest reported to date 

[16]). In these operating regimes linear coherent cross-talk, manifesting itself in signal 

distortions during the detection process, and inter-channel XPM nonlinearity become 

important sources of impairments. Because of these additional impairments, it is clear 

that single-channel transmission alone can underestimate the performance of WDM 

systems with several tens of wavelength channels [3]. 

In transmission laboratories it is not always possible to generate and transmit such 

large number of channels due to the associated setup complexity and cost. The general 

consensus in the literature is, however, that a much lower number of channels is 

sufficient to reliably investigate the transmission performance of the central channel 

under test. This is due to the fact that most of the XPM and FWM on the central channel 

under test comes from the immediate WDM neighbours. While the exact required 

minimum number of channels is still a matter for debate and depends on the channel 

spacing, 9-11 WDM channels is generally considered to be adequate [135] [136] [137]. 

In fact, as shown later in this chapter (in section 5.2), as few as 5 WDM channels can be 

sufficient to reliably assess the transmission performance of the central channel. 

The aim of the research work described in this chapter was to investigate the 

performance of QPSK and QAM16 signals in the presence of adjacent WDM channels. 

The studied data rates are: 112Gbit/s for QPSK, and 112 and 224Gbit/s in the case of 

QAM16. Similarly to the single-channel experiments in chapter 4, the benefit of using 

RZ pulses and digital nonlinearity compensation (NLC) was investigated. 
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5.1. WDM QPSK Transmission at 112Gbit/s 

 

5.1.1. Experimental set-up 

As described in section 4.1.2 RZ50 pulses exhibit higher tolerance towards 

nonlinearity compared to NRZ pulses, which results in higher launch powers into the 

fibre and longer transmission distances. To demonstrate the benefit of using RZ pulses 

over NRZ in the WDM configuration, the original setup in Figure 62 was modified to 

include the additional 9 channels (for which DFB lasers with 2MHz linewidth were 

used), as well as an extra I-Q modulator, pulse carver, optical interleaver and equalising 

filters in the recirculating loop. The modified setup for WDM transmission is shown in 

Figure 83. 

 

 

Figure 83: Experimental setup for 10 WDM channel PDM-QPSK transmission at 

112Gbit/s to compare NRZ and RZ50 pulse shapes. Insets: 28Gbaud NRZ- and RZ50-

QPSK eye diagrams, optical spectrum of 10 modulated WDM channels 

 

The 10 transmitter lasers were divided into two groups of channels, referred to as odd 

and even channels, and each group was independently modulated for data decorrelation 

between the adjacent WDM channels. A photograph of the WDM-QPSK transmitter is 
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shown in Figure 84. The modulated odd and even channels (NRZ or RZ50) were then 

combined using a flat-top optical interleaver with a 3dB bandwidth of 40GHz, designed 

to operate on a 50GHz WDM grid (Figure 85). An amplitude-wavelength profile of the 

interleaver was measured using an optical spectrum analyser (OSA) in the case when an 

interleaver was placed after an ASE noise source. To equalise for the gain profile of the 

EDFA in the recirculating loop, a cascade of two Mach-Zehnder (MZ) filters was used. 

These MZ filters were MZ interferometers with a tunable extinction ratio and a tunable 

coupling ratio of the MZI. The free-spectral ranges of the two MZ filters was 9.6 and 

24nm. In all WDM experiments carried out in this work an optical filter at receiver with 

100GHz bandwidth (specified at 0.5dB) was used to limit the optical power at the input 

of the PINs. 

 

Figure 84: Experimental set-up for the WDM-QPSK transmitter 

 

  
Figure 85: Measured transfer function of an optical interleaver used to combine odd 

(shown in red) and even (shown in blue) channels 
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5.1.2. Back-to-back measurements: results and discussion 

Figure 86 shows the receiver sensitivity, measured for the central WDM channel, for 

both NRZ and RZ50 pulse shapes. The implementation penalty (at the BER = 3x10
-3
) 

was measured to have similar values for both pulse shapes: 1.6dB for RZ50-QPSK and 

1.8dB for NRZ-QPSK. Similar to the single-channel QPSK experiments, both NRZ- 

and RZ50-QPSK signals were determined to be error free in the case of WDM, when no 

noise loading was applied. 

 

Figure 86: Measured receiver sensitivity for a WDM 112Gbit/s PDM-QPSK with 

NRZ and RZ50 pulse shapes. 

 

To illustrate this concept the spectra of NRZ and RZ50 signals, both with and 

without the interleaver, were measured and plotted in Figure 87. The spectral 

components of the NRZ-QPSK signal were all located within the interleaver bandwidth; 

therefore, it was concluded that the interleaver profile did not affect the spectrum of the 

NRZ signal. Since RZ50-QPSK has a broader spectrum than NRZ-QPSK, some spectral 

components of RZ50 are located outside the interleaver bandwidth. Therefore, the tight 

filtering performed by the interleaver reshapes the RZ50-QPSK signal. These 

considerations were also confirmed in [64] with the conclusion that to achieve the 

lowest required OSNR the RZ signals require slightly narrower optical bandwidth 

compared to NRZ. Interestingly, the RZ format also performs better than NRZ in the 

narrower filter regime where optical filter bandwidth approaches the baud rate. This is 

due to the fact that such narrow filtering essentially converts an RZ signal into a high-

quality NRZ signal with less inter-symbol interference (ISI) compared with a 

conventional NRZ signal subject to narrow optical filtering [64].   
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Figure 87: Measured optical spectra of 112Gbit/s NRZ- and RZ50-QPSK signals: 

solid lines show the configuration without an interleaver, dashed lines – with interleaver 

 

5.1.3. Maximum reach measurements: results and discussion 

To characterise the transmission performance of 112Gbit/s WDM-QPSK signals, the 

maximum transmission distance was measured (at BER = 3x10
-3
) as a function of the 

input launch power into the fibre (Figure 88). In the same way as in back-to-back 

measurements, the transmission measurements were performed for a central WDM 

channel (channel 6), since the central channel experiences the maximum amount of 

inter-channel nonlinearity. This yields the worst-case scenario and, hence, the lower 

bound in the transmission performance. However, for the case of NRZ-QPSK 

transmission the BER of each WDM channel was measured to verify an overall 

performance, and was found to be 3x10
-3 
or less. For low launch powers (e.g. -10dBm) 

WDM-QPSK performed slightly better than QPSK in a single-channel configuration. 

This is due to the different optical filters used in the recirculating loop to reject the ASE 

noise, i.e. flat-top filter with fixed 100GHz bandwidth for single-channel experiments 

and gain-flattening filter with tight bandwidth for WDM experiments. The optimum 

launch power for both pulse shapes was found to be -2dBm; however, similar to the 

single-channel transmission RZ50-QPSK has a higher nonlinear threshold, which 

results in longer transmission distances. 

Overall, the use of RZ50 pulse shape versus NRZ allowed the maximum reach to be 

increased from 5920km to 7360km (an increase of 24%). This is comparable with 18% 

increase in the maximum reach in single-channel transmission. This means that the 

benefit of using RZ pulses is also maintained in the case of WDM transmission. When 

using digital nonlinearity compensation (NLC) on the QPSK signal, the maximum reach 
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was increased by only 15% for NRZ-QPSK and 11% for RZ50-QPSK, respectively. 

This is due to the fact that the WDM systems are affected not only by intra-channel 

nonlinearity, for which NLC is most effective, but also by inter-channel XPM. The 

compensation of XPM would require the knowledge of not only the channel of interest 

but also of the surrounding channels, for which impractically large receiver bandwidth 

(>200GHz) is needed. Another way of performing NLC to compensate for XPM is by 

using parallel data processing. In this configuration the transmitted WDM signal is first 

demultiplexed into multiple separate channels, which can then be detected using a set of 

coherent receiver (one receiver per channel) and post-processed. This post-processing is 

first carried out on both per-channel basis and then jointly for all channels, as shown in 

[138].   

 

Figure 88: Measured maximum reach of PDM-QPSK transmission, measured at 

112Gbit/s, with NRZ and RZ50 pulse shapes and linear and nonlinear compensation. 

Inset: comparison with single-channel measurements 

 

While in single-channel transmission the use of NRZ with NLC is preferred to RZ50 

in terms of the maximum reach, RZ50 outperformed NRZ in the case of WDM. 

Therefore, from an upgrade point of view, it could be argued that the optimisation of the 
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transmitter side (from NRZ to RZ50) may be preferred to the optimisation of the 

receiver side (from NRZ to NRZ with NLC) – both from the performance and 

complexity point of view. For long-haul transoceanic transmission, where distances 

exceeding 6000km are required, both RZ50 pulses shape and NLC might be required, 

potentially in addition to other techniques, like advanced optical fibre and amplification.  
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5.2 WDM QAM16 Transmission at 112 and 

224Gbit/s 

 

5.2.1. Experimental set-up 

The results in section 4.2.3 showed that similarly to PDM-QPSK transmission, the 

use of RZ pulse shape and digital nonlinearity compensation (NLC) can also improve 

single-channel transmission performance of PDM-QAM16 signals. To experimentally 

quantify the WDM transmission of QAM16 signals, the set-up shown in Figure 89 was 

used. In this set-up the central and adjacent channels were first independently 

modulated, passed through an optional block of pulse carving to obtain RZ pulses, and 

combined using an interleaver. The rest of the set-up is the same as the one shown in 

Figure 70 and described in section 5.2.2.1, apart from the gain-flattening optical filter 

used in this experiment to equalise the WDM comb during transmission. The filter used 

was the same as that in the QPSK WDM experiments, described in section 5.1. 

 

Figure 89: Experimental setup for 3-channel PDM-QAM16 transmission at 112 and 

224Gbit/s 

When comparing the QAM16 transmission performance to QPSK, it is important to 

perform it for the same symbol rate (i.e. 28Gbaud) and the same channel spacing 

(50GHz) to directly study the performance differences in the linear and nonlinear 

regimes. It is also important to compare QPSK and QAM16 at the same bit rate (i.e. 

112Gbit/s) and the same spectral efficiency, for which 28Gbaud QPSK and 14Gbaud 

QAM16 signals over a 50-GHz WDM grid need to be used. The use of a QAM16 signal 
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in such a configuration would allow to offset the impact of WDM linear and non-linear 

cross-talk due to the larger separation between the channels, and would allow the same 

total capacity but with lower-speed electronics. The WDM experiment in this work was 

designed for 3 channels, and the system performance was assessed by measuring the 

BER for the central channel of interest. A higher number of QAM16 WDM channels 

were not experimentally studied due to the limited experimental resources, as will be 

described later in the section. 

For the central channel under test the phase stabilisation was achieved in the same 

way as in a single-channel QAM16 experiment – by counter-propagating part of the 

CW light within the interferometer, detecting the interference product and feeding this 

onto the phase shifter via a control feedback circuit. Such a phase stabilisation scheme 

relies on having access to CW light at the transmitter, which inherently means that only 

one true QAM16 channel can be generated using this technique. To ensure that the 

adjacent channels also represent QAM16, the wavelengths of the right and left channels 

were fine-tuned to coincide with the two peaks of the interferometer transfer function. 

Because of the small free-spectral range of the interferometer (measured to be 6.5pm, as 

described in section 4.3), two ECLs with high wavelength stability (±100MHz/hour) 

were used to ensure stable operation over the time required to perform an experiment 

(1-2 hours).  It must be noted that there is no limitation for using more than 3 channels 

using this technique for the generation of the WDM comb, and the use of 3 channels in 

the experiment in this work was limited by the availability of ECLs. The concept of the 

wavelength fine-tuning for the adjacent WDM channels is illustrated in Figure 90. 

 

Figure 90: Laser wavelength alignment to the peaks of the interferometer transfer 

function 
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5.2.2. Back-to-back measurements: results and discussion 

To demonstrate the validity of this approach in generating a WDM-QAM16 signal, 

the NRZ and RZ50 constellation diagrams for all three channels were measured and are 

plotted in Figure 91. Although minor modulation distortions are present in Figure 

91(e,f), they can be compensated by using the minimum Euclidian distance decision 

boundaries, as described in section 2.3.2. 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

Figure 91: Constellation diagrams for 28Gbaud NRZ-QAM16 (a – central channel 

under test, b – left, c – right) and RZ50-QAM16 (d – central channel under test, e – left, 

f –right) 

 

Next, the receiver sensitivity was measured for 112Gbit/s (14Gbaud) WDM-QAM16 

with 50GHz spacing between the channels (Figure 92(a)). Without the noise loading 

both NRZ- and RZ50-QAM16 were found to be error free over the 2
19
 symbols 

estimated. The implementation penalty was measured (at the BER = 3x10
-3
) to be 1.7dB 

and 1.8dB for NRZ- and RZ50-QAM16 signals, respectively. This compares with 1.7dB 

for NRZ and 1.5dB for RZ50 in the case of a single-channel experiment. These are the 

lowest values of implementation penalty reported to date.  

At 224Gbit/s (28Gbaud) the implementation penalty was measured to be 3.5dB for 

NRZ-QAM16 and 3.1dB for RZ50-QAM16 (Figure 92(b)); this compares to 3.4dB (for 

NRZ) and 3.1dB (for RZ50 with interleaver) in a single-channel experiment. The 

obtained implementation penalty was slightly worse than previously reported in [68] 

[85], where 3.4dB at 1x10
-3
 and 3.15dB at 2x10

-3
 were obtained, respectively. However, 

it was better than the one reported in [69], where 4.3dB of implementation penalty was 

obtained at the BER = 1x10
-3
. The error floor was found to be 8x10

-5
 for NRZ-QAM16, 

and decreased to 1x10
-5
 when using RZ50-QAM16. 
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(a) 

 

(b) 

Figure 92: Measured receiver sensitivity for WDM NRZ- and RZ-50 QAM16 at (a) 

112Gbit/s (14Gbaud) and (b) 224Gbit/s (28Gbaud). 

 

At 224Gbit/s the Matlab simulations were also used to match the experimentally 

obtained back-to-back results by adding the appropriate amount of noise to the electrical 

driving signals at the transmitter. The limited transmitter bandwidth was emulated with 

a 5
th
 order electrical Bessel filter with a 3dB bandwidth of 19GHz, which was 

determined by fitting simulated eye diagrams to experimentally obtained eye diagrams 

in order to obtain similar  rise and fall times (Figure 93). Since the receiver bandwidth 

in the experiment was limited by the analogue-to-digital converter (ADC), the 

experimentally measured amplitude-frequency profile of the ADC, as shown in Figure 

93(a), was also used in the receiver simulation model. The simulation results, shown in 

Figure 93, also expanded the experimental work by including the investigation of RZ 

pulses with 33 and 67% duty cycle (RZ33 and RZ67, respectively). The equivalent 

back-to-back performance in experiments and simulations allowed to reliably simulate 

the QAM16 transmission performance, based on the experimentally used link 

parameters.  
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 (a) (b) 

Figure 93: (a) Frequency response of the four channels of the real-time scope used for 

ADCs. Inset shows the eye-diagram of a single-polarisation 28Gbaud QAM16 signal; 

black traces are simulation and green – experiment; (b) experimental and simulated 

single-channel receiver sensitivity of 224Gbit/s QAM16 signal for various pulse shapes 

 

To characterise the linear and nonlinear transmission performance of 112Gbit/s 3-

channel QAM16 signal, the maximum reach was measured as a function of the per 

channel launch power into the fibre (Figure 94). The similar back-to-back performance 

between NRZ- and RZ50-QAM16, as shown in Figure 92, also means that in the linear 

transmission regime the NRZ and RZ50 pulses perform in a similar way. This is evident 

for low launch powers of up to approximately -5dBm, where the four curves overlap, as 

shown in Figure 94. Similar to the single-channel experiment, the worse performance is 

obtained when using the NRZ pulse shape (maximum reach of 2240km, optimum 

launch power of -3dBm) and the best performance - using the RZ50 pulse shape and 

digital nonlinearity compensation (NLC) (maximum reach of 3280km, optimum launch 

power of 0dBm). Because in the WDM regime the transmission is limited by not only 

SPM but also XPM, the efficiency of NLC is reduced. The compensation of XPM 

would require knowledge about not only about the channel under test but also about 

adjacent channels, therefore, requiring a receiver with a bandwidth that is currently 

technologically impossible to achieve. This consideration becomes apparent when 
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comparing single-channel and WDM transmission results in Figure 94; the maximum 

reach was decreased from 4240km (in the case of single-channel) to 3280km (in the 

case of WDM). Also, the difference (in terms of the maximum reach) between the two 

curves: RZ50 vs. NRZ with NLC, is decreased from 29% in the case of the single-

channel transmission to a mere 6% in the case of WDM. 

 

 

Figure 94: Measured maximum reach of 3-channel PDM-QAM16 transmission at 

112Gbit/s with NRZ and RZ50 pulse shapes and linear (solid lines) and nonlinear 

(dashed lines) compensation. Inset: comparison with single-channel measurements 

 

At 224Gbit/s QAM16 transmission the benefit of using NLC was even further 

reduced to the extent where NRZ with NLC yielded the same maximum reach as RZ50 

– 1360km. Both configurations showed a 13% increase in reach compared to a standard 

NRZ transmission, where a maximum reach of 1200km was achieved. The use of RZ 

pulses and NLC only slightly increased the reach to 1520km (by 27%). The 

transmission results for 224Gbit/s WDM-QAM16 transmission are shown in Figure 95, 

along with the single-channel transmission results for comparison (inset). 
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Figure 95: Maximum reach of 3-channel PDM-QAM16 transmission at 224Gbit/s 

with NRZ and RZ50 pulse shapes and linear (solid lines) and nonlinear (dashed lines) 

compensation. Inset: comparison with single-channel measurements 

 

The 224Gbit/s QAM16 transmission experiments were then verified by simulations, 

where the results were also expanded to include RZ33 and RZ67 pulses, and also a 

varying number of the WDM channels to estimate the minimum number of channels 

required to reliably simulate the behaviour of a real multi-channel WDM system. The 

results, shown in Figure 96, demonstrate that in the case of the single-channel 

transmission the experiment underestimates the maximum reach by only 2-3 spans, 

which is a reasonable deviation from the upper bound provided by the simulation. One 

of the potential sources of deviation is that any other inaccuracies in the EDFA noise 

figure and nonlinear fibre coefficient tend to accumulate with an increased number of 

recirculations, and could cause deviation from the simulated performance. Another 

likely source of such deviation is the fact that changing the launch power into the fibre 

requires rebalancing the recirculating loop used in the experiment, which changes the 

effective noise figure of the EDFA in the loop. This effect is extremely difficult and 

time-consuming to simulate, and could be one of the reasons that the simulation 
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overestimates the maximum reach of a 3-WDM channel RZ50-QAM16 signal by 6 

spans. Nevertheless, both single-channel and WDM simulations show very good 

agreement in transmission trend for both NRZ- and RZ50-QAM16 modulation formats. 

 

 
 (a) (b) 

Figure 96: Comparison of experimentally obtained and simulated maximum reach 

versus launch power per channel for (a) single-channel and (b) 3-WDM channel 

configurations 

 

Next, an extensive set of simulations was carried out to determine the impact of 

XPM in a WDM transmission for NRZ-, RZ33-, RZ50- and RZ67-QAM16 transmission 

(Figure 97). Simulations were performed for 3, 5, 7 and 9 WDM channels to study 

whether 3-channels used in the experiment is sufficient for including most of the XPM 

effect occurring during transmission. The results show that for WDM transmission 

without digital nonlinearity compensation (NLC) the simulation of 5 channels was 

sufficient to capture most of XPM since the maximum reach remains practically 

unaffected when further increasing the number of channels to 7 or 9. But even when 3 

WDM channels were used, the transmission performance was only overestimated by 1-

2 spans, compared to 9-channel transmission. 

An interesting conclusion is that in the case when NLC with one nonlinear step per 

span was used, the maximum reach was also more sensitive to additional WDM 

channels. As pointed out in [139] additional channels not only reduced reach by more 
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uncompensated nonlinear cross-talk but also reduce the efficiency of the NLC 

algorithm, which ultimately affects the maximum reach. Therefore, as shown in Figure 

97, the simulation of only 5 WDM channels was no longer sufficient, and 9 or more 

WDM channels needed to be included. 

 

 

Figure 97: Comparison of the maximum reach for NRZ, RZ67, RZ50 and RZ33 pulse 

shapes for configurations with multiple WDM channels. Shaded bars show the 

maximum reach in the case of NLC for the central channel 



137 

 

5.3 Summary 

 

The results in this chapter represent the first comprehensive investigation of the 

impact of RZ pulse shaping and the use of NLC in the QPSK and QAM16 WDM 

transmission. The WDM back-to-back and transmission results in this chapter further 

extend the single-channel QPSK and QAM16 results, previously obtained in chapter 4. 

Overall, it was seen that the maximum transmission distance in the case of WDM was 

lower than in single-channel experiments due to additional cross-phase-modulation 

(XPM) from the neighbouring channels. The results for 112Gbit/s QPSK transmission 

and 112/224Gbit/s QAM16 transmission are summarised in Tables 4-6. 

 

Single-channel (maximum reach at BER = 3x10
-3

) 

 NRZ RZ50 NRZ/NLC RZ50/NLC Change (%) 

NRZ vs. RZ50 6560km 7760km   18% 

NRZ vs. NRZ/NLC 6560km  9600km  46% 

RZ50 vs. RZ50/NLC  7760km  10160km 31% 

RZ50 vs. NRZ/NLC   7760km 9600km  24% 

NRZ vs. RZ50/NLC 6560km   10160km 55% 

WDM (maximum reach at BER = 3x10
-3

) 

NRZ vs. RZ50 5920km 7360km   24% 

NRZ vs. NRZ/NLC 5920km  6800km  15% 

RZ50 vs. RZ50/NLC  7360km  8160km 11% 

RZ50 vs. NRZ/NLC   7360km 6800km  -8% 

NRZ vs RZ50/NLC 5920km   8160km 38% 

Table 4. Comparison of maximum reach between single-channel and WDM PDM-

QPSK transmission at 112Gbit/s. NRZ and RZ50 pulse shapes, both with and without 

digital nonlinearity compensation, are also compared. 

 

At 112Gbit/s the presence of the additional 9 WDM channel in the case of QPSK 

decreased the maximum achievable reach from 10160km to 8160km, compared to the 

single-channel experiment. The lowest maximum reach of 5920km was obtained when 
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using NRZ pulses with no digital nonlinearity compensation (NLC); this is 38% less 

than 8160km of maximum transmission distance obtained using RZ50 pulses and NLC. 

While in single-channel 112Gbit/s PDM-QPSK experiment the use of NLC for NRZ 

transmission yielded a significant increase in reach compared with RZ pulses without 

NLC, in the case of WDM transmission it was the RZ pulses without NLC that yielded 

a superior performance as shown in Table 4. The reason for this is the reduced 

efficiency of NLC in dense WDM systems where cross-phase-modulation (XPM) is the 

dominant source of nonlinearity. To mitigate for XPM the capability to detect adjacent 

neighbouring channels is required, currently implying impractically wide receiver 

bandwidth (200GHz or more). Nevertheless, the maximum achievable transmission 

distance of 8160km in the case of WDM means that 112Gbit/s QPSK solution can be 

potentially used for transatlantic long-haul transmission 

Single-channel (maximum reach at BER = 3x10
-3

) 

 NRZ RZ50 NRZ/NLC RZ50/NLC Change (%) 

NRZ vs. RZ50 2400km 2800km   17% 

NRZ vs. NRZ/NLC 2400km  3920km  63% 

RZ50 vs. RZ50/NLC  2800km  4240km 51% 

RZ50 vs. NRZ/NLC  2800km 3920km  40% 

NRZ vs. RZ50/NLC 2400km   4240km 77% 

WDM (maximum reach at BER = 3x10
-3

) 

NRZ vs. RZ50 2240km 2640km   13% 

NRZ vs. NRZ/NLC 2240km  2800km  25% 

RZ50 vs. RZ50/NLC  2640km  3280km 24% 

RZ50 vs. NRZ/NLC  2640km 2800km  6% 

NRZ vs. RZ50/NLC 2240km   3280km 46% 

Table 5. Comparison of maximum reach between single-channel and WDM PDM-

QAM16 transmission at 112Gbit/s. NRZ and RZ50 pulse shapes, both with and without 

digital nonlinearity compensation, are also compared. 

 

In 112Gbit/s PDM-QAM16 transmission, the presence of additional two channels 

decreased the maximum reach from 4240km to 3280km – both obtained using RZ50 

pulses with NLC. The lowest transmission distance of 2240km is obtained using NRZ 

pulses and no NLC, as expected. However, the overall benefit of using NLC reduced 

compared with single-channel experiment was reduced to 24-25%, as shown in Table 5. 
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Conversely, the benefit of RZ50 pulse shaping remained virtually unchanged - as a 

result, the RZ50 only slightly underperformed NRZ with NLC (2640km vs. 2800km). 

Still, 3280km is the longest transmission distance currently reported for 112Gbit/s 

WDM-QAM16. 

Finally, the 3-WDM channel PDM-QAM16 transmission at 224Gbit/s (28Gbaud) 

was studied. The maximum achievable reach was found to be 1520km (again, using 

RZ50 pulses and NLC), down from 2000km obtained in a single-channel transmission. 

Similar to the previous experiments, the worst case scenario was found to be when 

using NRZ pulses and no NLC (1200km). One of the most important conclusions is that 

for both single-channel and 3-channel transmission the use of RZ50 is the preferred 

upgrade solution compared to NLC over NRZ pulses. This is due to the similar 

transmission distances achieved in both cases, but much lower complexity associated 

with RZ50 pulse shaping. 

Single-channel (maximum reach at BER = 3x10
-3

) 

 NRZ RZ50 NRZ/NLC RZ50/NLC Change (%) 

NRZ vs. RZ50 1280km 1680km   31% 

NRZ vs. NRZ/NLC 1280km  1600km  25% 

RZ50 vs. RZ50/NLC  1680km  2000km 10% 

RZ50 vs. NRZ/NLC   1680km 1600km  -5% 

NRZ vs. RZ50/NLC 1280km   2000km 56% 

WDM (maximum reach at BER = 3x10
-3

) 

NRZ vs. RZ50 1200km 1360km   13% 

NRZ vs. NRZ/NLC 1200km  1360km  13% 

RZ50 vs. RZ50/NLC  1360km  1520km 12% 

NRZ/NLC vs. RZ50  1360km 1360km  0% 

NRZ vs. RZ50/NLC 1200km   1520km 27% 

Table 6. Comparison of maximum reach between single-channel and WDM PDM-

QAM16 transmission at 224Gbit/s. NRZ and RZ50 pulse shapes, both with and without 

digital nonlinearity compensation, are also compared. 

 

  



140 

 

6. Conclusions and Future Work 

 

 

The research work described in this thesis was devoted to the experimental 

investigation of the techniques that could allow for longer reach and higher bit-rate of 

optical fibre transmission systems. Two ways to increase the bit-rate were studied in 

this work: optical time-division multiplexing (OTDM) using bit-wise phase control and 

advanced spectrally-efficient modulation formats with coherent detection. 

The first conclusion is that, although the optimisation of the bit-wise phase difference 

between the OTDM channels can increase the maximum transmission distance by 

~70%, the overall use of the OTDM in direct-detected systems is unlikely to provide a 

practical benefit in terms of capacity-distance product. This is due to the reduced 

tolerance to chromatic dispersion (CD) and polarisation-mode dispersion (PMD) at 

higher bit-rates, and the complexity associated with short pulse generation, multiplexing 

and demultiplexing. A better way of increasing the bit-rate and provide gain in terms of 

spectral efficiency (SE) is by using advanced modulation formats, where a lower 

symbol rate (and, hence, less expensive electronics) can be used to obtain an equivalent 

channel bit-rate. The easiest (and in some cases, the only) way to receive advanced 

modulation formats is by using coherent reception, which also gives an opportunity to 

increase the overall bit-rate by a factor of 2 for “free”, using polarisation division 

multiplexing (PDM). Coherent reception allows for the detection of amplitude, phase 

and the state of polarisation of the signal, therefore, enabling a full characterisation of 

the signal field. Thus, very large accumulated CD values can be compensated, allowing 

transmission over uncompensated dispersion links, which have a better nonlinear 

tolerance than most dispersion managed links. 

The subsequent research work was focused on the study of advanced modulation 

formats, namely quadrature phase-shift keying (QPSK) and 16-state quadrature 

amplitude modulation (QAM16), and the use of RZ pulses and digital NLC to improve 

nonlinear transmission performance and maximum reach of QPSK and QAM16. A key 

result of this research work was the proposal and use of a novel technique to generate 

QAM16 signal. This generation technique was based on the modified version of phase-

stabilised OTDM multiplexer, used in the experiments described in chapter 4. During 
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the generation process only binary electrical signals were used, which reduced the 

complexity of electronics at the transmitter. The use of binary signals also suppressed 

an electrical noise transfer into the optical domain due to the fact that an I-Q modulator 

could be driven over the nonlinear part of its transfer function. 

It should be noted that this research represents the first comprehensive experimental 

comparison of the use of RZ and NLC for the two modulation formats at various bit-

rates. It was found that in single-channel transmission NLC yields a significant 

improvement in the maximum reach, particularly when NRZ pulses were used. It is 

worth highlighting that NLC is effective in dealing with self-phase-modulation (SPM) 

but cannot undo nonlinear phase noise and ASE due to its stochastic nature. The 

improvement in the maximum reach when using NLC was found to be 72% for 

42.7Gbit/s (10.66Gbaud) QPSK, 46% for 112Gbit/s (28Gbaud) QPSK, 63% for 

112Gbit/s (14Gbaud) QAM16, and 25% for 224Gbit/s (28Gbaud) QAM16. Two points 

are worth noting: first, it was found that the efficiency of the NLC was reduced for 

higher symbol rates. This is due to the combination of the lower nonlinear threshold 

(lower tolerance towards nonlinearity) at higher symbol rates and the fact that at higher 

symbol rates the nonlinearity induced spectrum broadening was more critical due to the 

limited bandwidth of the analogue-to-digital converters (ADCs) at the receiver. Second, 

the efficiency of NLC was also reduced for QAM16 compared to QPSK for the same 

symbol rate because of the lower tolerance to nonlinearity of QAM16 signals, 

particularly, nonlinear phase noise (which cannot be compensated for). 

However, most practical optical transport systems are based on wavelength division 

multiplexing (WDM), where cross-phase-modulation (XPM) is the dominant source of 

nonlinearity. While NLC can theoretically compensate for XPM as well, this would 

require the receiver bandwidth of ~200GHz or more, which is currently technologically 

impossible to achieve. The reason that such large bandwidth is required is that the 

receiver must detect not only the channel under test but also adjacent channels to obtain 

information on the overall contribution of XPM on channel under test. The results of 

this research work showed that in the case of WDM with 50GHz spacing between the 

channels, the efficiency of NLC was significantly reduced in terms of the maximum 

reach: 15% for 112Gbit/s (28Gbaud) QPSK, 25% for 112Gbit/s (14Gbaud) QAM16, 

and 13% for 224Gbit/s (28Gbaud) QAM16. Since for 28Gbaud signals on a 50GHz grid 

the effect of XPM is stronger than for 14Gbaud, NLC (which in this work was used to 
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compensate for SPM only) for 112Gbit/s QAM16 was the most effective amongst the 

three configurations. 

The use of RZ pulse shapes with 50% duty cycle (RZ50) was studied for 112Gbit/s 

QPSK, and 112 and 224Gbit/s QAM16 transmission. In the single-channel transmission 

the benefit of using RZ50 pulses instead of NRZ was found to be 18%, 17% and 31% 

respectively. In the WDM configuration this corresponded to 24%, 13% and 13%, 

respectively. An interesting conclusion is that for WDM transmission an upgrade from 

NRZ pulses to RZ50 is a preferred solution compared to an upgrade from NRZ to NRZ 

with NLC. While both upgrades yielded comparable transmission distances, the use of 

the RZ50 pulse shape is less complex and is potentially more cost-effective than the use 

of NLC. 

Overall, the longest single-channel transmission distances obtained in this research 

work were 13600km for 42.7Gbit/s PDM-QPSK, 10160km for 112Gbit/s PDM-QPSK, 

4240km for 112Gbit/s PDM-QAM16, and 2000km for 224Gbit/s PDM-QAM16. These 

are the longest transmission distances reported to date. In the case of WDM 

transmission these were reduced to 8160km for 112Gbit/s PDM-QPSK, 3280km for 

112Gbit/s PDM-QAM16, and 1520km for 224Gbit/s PDM-QAM16. The results of the 

described research work can be applied in the development of the next generation 

optical communication system and the trade-offs in system design. 

The overall conclusion is that at 100Gbit/s the use of QPSK with coherent detection 

is a desirable configuration to reach transoceanic transmission distances. Further 

increase in the bit-rate per carrier using more complex modulation formats can also be 

desirable to achieve higher spectral efficiencies. The next-generation systems are likely 

to be based on 400Gbit/s bit-rate (448Gbit/s with FEC), the optimum generation of 

which is still a question of debate. However, with the advances in the transmitter and 

receiver components design, PDM-QAM16 becomes feasible in achieving the data rate 

of 400Gbit/s per carrier. 

One of the ideas for future work is the generation of PDM-QAM64 modulation 

format and investigation of its transmission performance (in terms of the maximum 

reach) at various bit-rates (9.3Gbaud for 112Gbit/s and 18.7Gbaud for 224Gbit/s). Such 

QAM64 signal will most likely be generated using two phase-stabilised fibre 

interferometers in a parallel structure. Similar to QAM16 generation, the generation of a 
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QAM64 signals will require only binary signals, which reduces the electrical noise 

transfer into the optical domain and the complexity of the electronics at the transmitter. 

Another direction for future work is in the generation of a 448Gbit/s (56Gbaud) 

PDM-RZ-QAM16 signal with the help of the OTDM technique and investigation of the 

transmission performance at this bit-rate. The problem with the generation and reception 

of a 56Gbaud signal using all-electrical means is the limited bandwidth of components 

at the transmitter and receiver (in particular, ADCs). Therefore, an RZ-QAM16 signal 

could first be generated at 28Gbaud and then optically multiplexed to 56Gbaud using 

single-stage OTDM. Finally, a 56Gbaud RZ-QAM16 signal is passed through the 

polarisation multiplexing stage to obtain an overall bit-rate of 448Gbit/s. At the receiver 

a 448Gbit/s signal needs to be demultiplexed to 224Gbit/s (28Gbaud) using a pulsed, 

rather than a continuous wave (CW), local oscillator (LO). The easiest way to obtain a 

pulsed signal for the LO is from the unmodulated RZ source at the transmitter, but it 

should also be possible to extract it at the receiver using clock recovery. It must be 

noted that the use of OTDM cannot not be used to generate NRZ-QAM16 since the RZ 

pulse shape is the pre-requisite for an OTDM. However, as has been determined 

previously the use of RZ is preferred to NRZ anyway, due to an increased tolerance 

towards nonlinearity. 

The economic viability of future optical fibre transmission systems, potentially based 

on QAM16 modulation, will first of all depend on the advances in the sampling rate of 

ADCs at the receiver (assuming 56Gbaud PDM-QAM16 for an overall bit-rate of 

448Gbit/s, which would require the sampling rate of ~80GSamples/s). Secondly, the 

techniques to develop a high-speed QAM16 transmitter with low implementation 

penalty still remain a challenge. Finally, the detection and post-processing of QAM16 

signals requires the use of source laser and LO with the linewidths lower than the ones 

for QPSK signals. Reducing the cost of those low-linewidth lasers is essential to the 

success of future QAM16 transponders. 
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Appendix A: Recirculating 

ong-Haul Transmission

In a real system optical signals are propagated in a straight

consisting of many periodically amplified spans of optical fibre (

during the stage of test and development of the system a straight

becomes inconvenient, since the price of building a long-haul experiment 

high. For instance, in order to reach transpacific distances (~10000km) 125 spools of 

80km fibre and, hence, 125 optical amplifiers and other passive components, must be 

98: An example of a straight-line transmission experiment

To reduce number of components during an investigation of long

involving optical amplifiers, a useful tool called “recirculating loop” can be used. A 

loop experiment emulates the transmission performance of multi

long system by reusing or recirculating an optical signal through a modest length 

amplifier chain of tens to hundreds of kilometres [140]. The UCL recirculating loop test 

bed was developed ~10 years ago, and the purpose of this Appendix is 

description of its current configuration, used in the experiments of this research work. A 

more detailed description of the recirculating loop is given in [123

The loop operation is determined by the states of acousto-optic modulators (AOMs), 

which act as optical switches in the loop to create a sequence of ‘loading’ and 

‘transmission’ stages (Figure 99). 

Recirculating Loop for 

ransmission 

In a real system optical signals are propagated in a straight-line configuration, 

consisting of many periodically amplified spans of optical fibre (Figure 98). However, 

during the stage of test and development of the system a straight-line configuration 

haul experiment is extremely 

c distances (~10000km) 125 spools of 

80km fibre and, hence, 125 optical amplifiers and other passive components, must be 

 

line transmission experiment 

during an investigation of long-haul transmission 

involving optical amplifiers, a useful tool called “recirculating loop” can be used. A 

loop experiment emulates the transmission performance of multi-thousand kilometre 

ng an optical signal through a modest length 

The UCL recirculating loop test 

bed was developed ~10 years ago, and the purpose of this Appendix is to give a 

description of its current configuration, used in the experiments of this research work. A 

123]. 

optic modulators (AOMs), 

which act as optical switches in the loop to create a sequence of ‘loading’ and 



 

Figure 99: “Loading” and “Transmission” states of a recirculating loop

 

The choice of AOMs for switching is determined by the optimum combination of 

switching speed (80ns), high extinction ratio (up to 50dB) and low 

2dB) [123]. During the loading stage the input optical switch allows the data from the 

transmitter to feed the loop while the optical switch inside the loop is open (

99(a)). When the loop is completely loaded with the data signal the state of the two 

optical switches is reversed, so the burst of the optical signal can start 

loop (Figure 99(b)) 

‘loading’ to ‘transmission’ and vice versa) is continuous, so light is constantly coupled 

out of the loop. The length of the loading stage should be equal to at least 2 x τ

leave sufficient time to fill the loop with the data, where τ

signal to propagate though a single span of fibre. For conventional span lengths of 80

100km, τLOOP = 400

(number of recirculations x τ

‘transmission’ stage is 5ms. To avoid measuring a

constantly coupled out of the loop, all the measurement equipment including optical 

spectrum analysers (OSAs), oscilloscopes and error detectors must b

performing the measurements only during the time when external gating signal is 

present (i.e. during the last recirculation) (so called, burst mode operation)

gating signal should be centred in the middle of the recirculation with a duration chosen 

to be at least 10% shorter than τ

loop. The loop timing diagram is shown in
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(a) 

“Loading” and “Transmission” states of a recirculating loop

The choice of AOMs for switching is determined by the optimum combination of 

switching speed (80ns), high extinction ratio (up to 50dB) and low 

. During the loading stage the input optical switch allows the data from the 

transmitter to feed the loop while the optical switch inside the loop is open (

). When the loop is completely loaded with the data signal the state of the two 

optical switches is reversed, so the burst of the optical signal can start 

 [123]. The process of changing the states of the loop (from 

transmission’ and vice versa) is continuous, so light is constantly coupled 

out of the loop. The length of the loading stage should be equal to at least 2 x τ

leave sufficient time to fill the loop with the data, where τLOOP is the time it takes the 

signal to propagate though a single span of fibre. For conventional span lengths of 80

400-500µs. The length of the ‘transmission’ stage is then equal to 

(number of recirculations x τLOOP), so for 800km of reach the

‘transmission’ stage is 5ms. To avoid measuring an incorrect part of the signal that is 

constantly coupled out of the loop, all the measurement equipment including optical 

spectrum analysers (OSAs), oscilloscopes and error detectors must b

performing the measurements only during the time when external gating signal is 

present (i.e. during the last recirculation) (so called, burst mode operation)

be centred in the middle of the recirculation with a duration chosen 

to be at least 10% shorter than τLOOP to exclude measuring transients of EDFAs in the 

loop. The loop timing diagram is shown in Figure 100. 

 

(b) 

“Loading” and “Transmission” states of a recirculating loop 

The choice of AOMs for switching is determined by the optimum combination of 

switching speed (80ns), high extinction ratio (up to 50dB) and low insertion loss (~ 

. During the loading stage the input optical switch allows the data from the 

transmitter to feed the loop while the optical switch inside the loop is open (Figure 

). When the loop is completely loaded with the data signal the state of the two 

optical switches is reversed, so the burst of the optical signal can start propagating in the 

. The process of changing the states of the loop (from 

transmission’ and vice versa) is continuous, so light is constantly coupled 

out of the loop. The length of the loading stage should be equal to at least 2 x τLOOP to 

is the time it takes the 

signal to propagate though a single span of fibre. For conventional span lengths of 80-

500µs. The length of the ‘transmission’ stage is then equal to 

, so for 800km of reach the duration of the 

part of the signal that is 

constantly coupled out of the loop, all the measurement equipment including optical 

spectrum analysers (OSAs), oscilloscopes and error detectors must be capable of 

performing the measurements only during the time when external gating signal is 

present (i.e. during the last recirculation) (so called, burst mode operation) [123]. The 

be centred in the middle of the recirculation with a duration chosen 

to exclude measuring transients of EDFAs in the 
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To allow for reliable measurements, the input power to the fibre must be constant 

over the required number of recirculations. 

the Tx AOM and the 

(balance) the optical powers after Tx
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Figure 100: Timing diagrams of a recirculating loop

To allow for reliable measurements, the input power to the fibre must be constant 

over the required number of recirculations. Variable optical attenuators

the Loop AOM, as shown in Figure 99 can be used to equalise 

(balance) the optical powers after Tx AOM and Loop AOM. 

Figure 101: Recirculating loop configuration

 

Timing diagrams of a recirculating loop 

To allow for reliable measurements, the input power to the fibre must be constant 

ttenuators (VOAs) before 

can be used to equalise 

 

configuration 
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 Appendix B: List of Abbreviations 

 

 

ADC Analogue-to-Digital Converter 

AOM Acousto-Optical Modulator 

ASE Amplified Spontaneous Emission 

ASK Amplitude Shift Keying 

AWG Arbitrary Waveform Generator 

BER Bit Error Rate 

BPSK Binary Phase Shift Keying 

CD Chromatic Dispersion 

CMA Constant Modulus Algorithm 

CRU Clock-Recovery Unit 

CS-RZ Carrier-Suppressed Return-to-Zero 

CW Continuous Wave 

DAC Digital-to-Analogue Converter 

DC Direct Current 

DCF Dispersion Compensating Fibre 

DFB Distributed Feedback Laser 

DPSK Differential Phase Shift Keying 

DQPSK Differential Quadrature Phase Shift Keying 

DSP Digital Signal Processing 

EAM Electro-Absorption Modulator 

ECL External Cavity Laser 

EDFA Erbium-Doped Fibre Amplifier 

ERGO-PGL Erbium Glass Oscillator Pulse Generating Laser 

ETDM Electrical Time-Division Multiplexing 

FEC Forward Error Correction 

FFT Fast Fourier Transform 

FIR Finite Impulse Response 

FROG Frequency-Resolved Optical Gating 

FSR Free-Spectral Range 

FWHM Full Width Half Maximum 
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FWM Four Wave Mixing 

GT-UNI Gain-Transparent Ultrafast Nonlinear Interferometer 

HI-SMZ Hybrid Integrated Symmetric Mach-Zehnder 

IFWM Intra-Channel Four Wave Mixing 

I-Q In-phase and Quadrature 

ISI Inter-Symbol Interference 

IXPM Intra-Channel Cross-Phase Modulation 

LMS Least-Mean Square 

LO Local Oscillator 

LSPS Loop-Synchronous Polarisation Scrambler 

MIMO Multiple Input Multiple Output 

MLLD Mode-Locked Laser Diode 

ML-FRL Mode-Locked Fibre Ring Laser 

MMA Multi Modulus Algorithm 

MZI Mach-Zehnder Interferometer 

MZM  Mach-Zehnder Modulator 

NLC Nonlinearity Compensation 

NOLM Nonlinear Optical Loop Mirror 

NRZ Non-Return-to-Zero 

NZ-DSF Non-Zero Dispersion Shifted Fibre 

OFDM Optical Frequency-Division Multiplexing 

OOK On-Off Keying 

OSA Optical Spectrum Analyser 

OSNR Optical Signal-to-Noise Ratio 

OTDM Optical Time-Division Multiplexing 

PC Polarisation Controller 

PDL Polarisation Dependent Loss 

PDM Polarisation Division Multiplexed 

PIC Photonic Integrated Circuit 

PIN P-I-N photodiode 

PLC Planar Lightwave Circuit 

PMD Polarisation Mode Dispersion 

PPG Pulse Pattern Generator 

PSD Power Spectral Density 
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PSK Phase Shift Keying 

PRBS Pseudo-Random Bit Sequence 

PSCF Pure-Silica Core Fibre 

QAM Quadrature Amplitude Modulation 

QPSK Quadrature Phase Shift Keying 

RDE Radially Directed Equaliser 

RF Radio-Frequency 

RZ Return-to-Zero 

SDH Synchronous Digital Hierarchy 

SE Spectral Efficiency 

SER Symbol Error Rate 

SLA Super-Large Area 

SMF Single Mode Fibre 

SNR Signal-to-Noise Ratio 

SOA Semiconductor Optical Amplifier 

SOP State Of Polarisation 

SPM Self-Phase Modulation 

SSM Split-Step Method  

TAT Trans-Atlantic 

VOA Variable Optical Attenuator 

VCO Voltage-Controlled Oscillator 

WDM Wavelength Division Multiplexing 

XPM Cross-Phase Modulation 
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