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Abstract 

 

 

 

Digital coherent receivers stand today as a promising technology for the next 

generation of high-capacity optical systems. Coherent systems enable the use of multilevel 

modulation formats which increase the spectral efficiency of a system. Key challenges of 

multilevel coherent systems are the strict laser linewidth requirements and receiver 

complexity which prevent a cost-effective implementation. The goal of this thesis is to 

address these challenges by investigating a novel approach to implement phase noise tolerant 

optical systems. The performance of a phase recovery scheme, normalized Viterbi-Viterbi 

carrier phase estimation (V-V CPE), is investigated for circular m-level quadrature amplitude 

modulation (C-mQAM) signals. C-mQAM provides inherent characteristics for phase noise 

mitigation, while V-V CPE enables an efficient hardware implementation in a blind feed-

forward receiver. A coherent C-mQAM system was simulated in VPItransmissionMaker with 

phase recovery implemented with MATLAB. Phase noise tolerance was analyzed for C-

16QAM and C-64QAM signals. Results show an enhanced phase noise tolerance at a low 

sensitivity penalty. The achieved linewidth tolerance shows an enhanced performance over 

available CPE schemes for square mQAM signals, and enables the use of cost-effective lasers. 

C-mQAM signals allow a straightforward employment of V-V CPE, which can be easily 

upgraded for higher order circular modulations without adding significant complexity. By 

combining the power of normalized V-V CPE with C-mQAM inherent characteristics, the 

phase noise tolerance is enhanced with an efficient implementation. These results show that 

C-mQAM implemented with V-V CPE is a viable and promising alternative for phase noise 

tolerant high-speed optical coherent systems. 

 

 

 

 

 

 

  



6 

  



7 

Acknowledgements 

 

 

 

This thesis is the culmination of the Erasmus Mundus master program MERIT (Master of 

Research on Information and Communication Technologies), which I had the opportunity to 

course at Karlsruhe Institute of Technology (KIT) at Germany during the 1
st
 year, and at 

Royal Institute of Technology (KTH) at Sweden during my 2
nd

 year. I want to thank KIT and 

KTH for the education and resources provided, and the European Commission, for granting 

me the scholarship which allowed me to participate in this master program.  

I would like to thank Xiaodan Pang, for the support, guidance and knowledge he offered me 

during the preparation of this project. His availability to explain and discuss key aspects of 

this thesis was very useful for the development of this project. 

I would like to thank Gunnar Jacobsen, my supervisor at Acreo, and Sergei Popov, my 

supervisor at KTH, for facilitating my participation in this joint project and for their valuable 

feedback and guidance to lead this project. 

I want to thank my teachers, supervisors, companions, and friends I made during this two-

year experience at Germany and Sweden. 

Finally, I would like to thank Nina and my family, Fernando, Marta, Tania and Fer for their 

support and love. Everything I can achieve today is in great measure thanks to you. 

 

 



8 

 

  



 

9 

1 Introduction 

1.1 Background 

The developments in optical communications are superlative to satisfy an increasing 

worldwide demand of data. Research efforts and new technologies bring optical system 

capacity closer to the Petabit era. To increase capacity and overall spectral efficiency, the use 

of optical multi-level quadrature amplitude modulation (mQAM) has emerged as a promising 

solution. Developments in optics and electronics have made possible the implementation of 

optical coherent systems with multilevel modulation formats. Additionally, the availability of 

digital signal processing (DSP) in coherent receivers can compensate impairments which 

limited optical transmissions before. 

Despite these benefits, optical coherent systems still face some challenges for a widespread 

commercial deployment. An important constraint in multi-level coherent systems is phase 

noise, which is mainly induced by lasers used for transmission and detection. This limits the 

laser linewidth tolerance and a cost-effective implementation; however, in a coherent receiver, 

phase noise can be compensated using digital carrier phase estimation (CPE). The efficient 

Viterbi-Viterbi (V-V) algorithm is widely used for feed-forward CPE of phase shift keying 

(PSK) signals. However, implementing CPE for square 16QAM signals is more complex due 

to intrinsic characteristics of square constellations i.e. non-uniform phase distribution. 

Different approaches have been proposed to address this problem at the cost of hardware and 

computational complexity, which increases with the modulation level. Although some of 

these methods achieve an acceptable linewidth tolerance, there is still a significant sensitivity 

penalty and a considerably reduced linewidth tolerance at higher modulation levels. 

On the other hand, circular modulation formats, which have a more flexible constellation 

design, provide inherent advantages for phase noise mitigation in different scenarios. The 

characteristics of circular mQAM (C-mQAM) allow a straightforward employment of V-V 

CPE without the need to adapt the constellation or a complex hardware implementation. 

Moreover, with the use of C-mQAM this scheme can easily be easily extended for high order 

modulation formats. 

This thesis addresses a unique area of opportunity by studying the performance of C-mQAM 

transmissions with normalized V-V CPE. This approach aims to enable a cost-effective 

implementation of high-capacity coherent systems by relaxing the strict laser linewidth 

requirements and enabling an efficient, non-complex, feed-forward receiver. With this in 

mind, the main goals of this thesis can be described as: 

 Investigate coherent optical systems and the state of the art of phase recovery schemes 

for multilevel coherent receivers. 

 Describe C-mQAM constellations and  normalized V-V CPE scheme, and provide an 

analysis of its performance with respect to system and algorithm parameters. 

 Investigate the phase noise tolerance and the associated sensitivity penalties, for C-

16QAM and C-64QAM with normalized V-V CPE. 

 Analyze the obtained results and its importance for the development of cost-effective 

optical systems. 

The results of this thesis add new insights for the development of high-capacity coherent 

systems. Research in this area will contribute greatly to the development of next generation 

communication networks for the growing information society.  
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1.2 Thesis outline 

This thesis is structured as follows: in Chapter 2, an overview of coherent optical 

communication systems is presented along with the state of the art of CPE. The main thesis' 

topic is illustrated in Chapter 3 by describing circular modulation formats and the studied 

carrier phase recovery scheme (normalized V-V CPE). Moreover, the simulated system with 

VPIphotonics and performance parameters are detailed in the same chapter. Subsequently, in 

Chapter 4, all results are presented along with relevant discussions and analyses. Chapter 5 

includes the main conclusions and possible further developments. The appendices include 

VPI technical information and models, as well as MATLAB implementations used in the 

development of this thesis. A paper, which includes the main results from this thesis work, 

was submitted for publication and is also included as an appendix to this thesis. 
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2 Coherent Optical Systems 

2.1 Overview & state of the art 

Optical fiber communications stand today as the most successful technology to transport large 

amounts of data due to their high capacity and low loss [1]. An increasing demand of data 

(growing exponentially at ~60% per year [2]) related to the evolution of internet and 

information technologies, have placed optic-fiber systems as the backbone of modern 

communication networks.. Figure 2.1 shows an overview of optical communications 

evolution. Developments in optical technologies enabled the use of wavelength division 

multiplexing (WDM) which drove this evolution in the 90's. In the last decade, however, the 

main efforts have been focused on a more efficient use of the available bandwidth. The 

enhanced spectral efficiency of multilevel modulation formats and the availability of DSP to 

compensate transmission impairments have turned the focus to coherent optical systems as a 

key technology to satisfy this increasing bandwidth demand.  

 

Figure 2.1. Evolution of optical communications capacity (based on [3] and data from [4, 5]) 

The concept of optical coherent receivers was devised more than 20 years ago; however, the 

gap between optical line rates and available sampling rates of analog-to-digital converters 

(ADC), and a complex hardware implementation prevented a feasible implementation. 

Developments in electronics and the adoption of CMOS technologies brought faster ADC 

which enabled coherent detection with DSP. Optical components have also developed greatly 

leading to higher quality components (lasers, modulators, detectors) while maintaining cost-

effective price. All this has contributed to resurgence of optical coherent systems which offer 

key advantages compared with traditional direct detection systems [6-8]:  

 DSP to compensate transmission impairments and perform receiver functions 

 An increased receiver sensitivity  

 Electrical channel selectivity and filtering for WDM systems 

 The use of  multi-level modulation formats and polarization division-multiplexing (PDM) 

to increase spectral efficiency 

Commercial PDM-QPSK coherent systems have already been introduced for channel rates of 

40 and 100 Gb/s. In last few years, many experiments on mQAM coherent systems have 

been presented (compiled in [4]) and single channel rates as high as 640 Gb/s (PDM-16QAM 

[5]) have been achieved. Multilevel coherent systems are recognized as an important step for 

next generation high- capacity optical systems beyond 100 Gb/s [4, 9]. 
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2.2 Multilevel modulation formats 

The use of multilevel modulation formats has emerged as a promising solution to increase the 

capacity of optical systems. Traditionally formats based on intensity modulators, like On-Off  

Keying (OOK), were used in optical systems. Using coherent detection, the phase and 

amplitude of optical fields is preserved enabling the migration to high-order modulation 

formats, like mQAM, which offer several advantages over traditional modulation formats. 

The spectral efficiency, measured in bits/s/Hz, quantifies the amount of information that can 

be transmitted over an available bandwidth. For multilevel modulation formats with a symbol 

space of m, every symbol can carry           bits. The bit or data rate    (in bits/s) and 

the symbol rate    or baud (in symbols/s), are related by       . For this reason mQAM 

formats bring advantages which can be seen from two perspectives. At a fixed data rate, the 

signal spectral width which depends on the symbol rate is reduced, enhancing the spectral 

efficiency at no cost of optoelectronic bandwidth. Seen from another perspective, using the 

same low-speed equipment at a fixed sampling rate, higher channel bit rates can be achieved 

for a capacity enhancement [7].  

From an analytical point of view, the electrical field of an optical carrier can be represented as 

the real part of a complex signal: 

)cos()}exp(Re{ 00   tatjjaE , (2.1) 

where   is the amplitude,   is the phase and    is the carrier frequency of the signal [8]. As 

QAM uses both amplitude and phase modulation, to represent complex symbols encoded in 

an optical carrier, a phasor representation (where     ) is preferred:  

jrex    2<0,0, r . (2.2) 

In this way, any symbol encoded in the optical carrier can be identified and decomposed into 

its inphase (I) and quadrature (Q) components, which are orthogonal to each other and 

correspond to the real and imaginary part, respectively [10]:  

                        . (2.3) 

A graphical representation of the symbols encoded in a carrier at any time instant is then 

possible through its IQ components. The ideal symbol positions which conform the alphabet 

of an mQAM format can be illustrated in a constellation diagram. Figure 2.2 shows 

constellations diagrams, or IQ plots, for different modulation formats where I and Q are the 

horizontal and vertical axis, respectively. Phase shift keying (PSK) signals can be seen as a 

special case of mQAM where only the phase is modulated. The most widely used modulation 

formats are the so called "square" mQAM formats, mainly due to its straightforward 

implementation (separate modulators for I and Q) and the possibility of differential decoding 

and gray mapping schemes which are useful in error correction schemes.  

 
(a) 

 
(b) 

 
(c) 

Figure 2.2. Constellation diagrams for (a) 8PSK, (b) 16QAM, and (c) 64QAM 
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2.3 Coherent transmitter  

An optical coherent transmitter converts the electrical bit stream through optical modulators 

into an optical signal which is coupled to an optical fiber. With the development of coherent 

systems, the study of multi-level transmitter structures has also been a key area of 

development. Optical transmitters are normally based on Mach-Zender modulators (MZM), 

composed of Lithium Niobate (LiNbO3) materials, which are able to control with high 

stability the phase shift of an optical signal depending on applied voltage [8]. By controlling 

these driving signal(s), an MZM can be used as intensity or phase modulators. 

The optical components in a transmitter are the same for m-PSK and m-QAM formats. For 

this reason they are normally called multi-format transmitters as only the electrical driving 

signal of the optical modulators has to be adapted to generate an arbitrary modulation [11]. 

This is an advantage when looking into alternative modulation schemes. Figure 2.3 shows 

different multi-format transmitters with either serial configuration with intensity and phase 

modulators (IM/PM), or IQ-configuration with single drive (SD) MZM, dual drive (DD) 

MZM, or a combination of IM and PM. It has also been demonstrated that arbitrary 

modulation generation is possible using one single DD modulator [12]. Each configuration 

has its own advantages and drawbacks which must be considered depending on the 

requirements of an optical system. In general, a reduction in the complexity of the 

transmitter's optical part will result in the increase of states in the electrical driving signal and 

thus more effort on the DAC (Digital-to-Analog Converter) used to drive the MZM. 

Likewise, more optical components in the transmitter result in lower electrical complexity. 

Table 2.1 summarizes the electrical/optical requirements of some key transmitters [11, 12]. 

 

Figure 2.3 Optical multi-level transmitters, reproduced from [11] (a) Serial – IM/PM,  

(b) IQ-SD, (c) IQ-SD/PM, (d) IQ-DD 

Transmitter  
Configuration 

Optical Components  Electrical driving  
signals levels  

1 Dual Drive 1 DD MZM 16 

Serial  (a) IM + PM 3 + 12 

IQ - SD  (b) 2 arms with SD MZM 2 x 4  

IQ - SD + PM (c) 2 arms with SD MZM + PM 2 x 2 

Table 2.1. Summary of electrical and optical transmitter requirements for square 16QAM signals [11, 12] 

The tradeoff between optical and electrical complexity is inherent to mQAM transmitters. The 

best alternative will depend on the specific scenario and requirements of the system. For each 

case, the envelope of the optical signal and symbol transition will be different. As it will be 

shown in following sections, using alternative modulation schemes like circular modulation 

can leverage this tradeoff for some configurations. 
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2.4 Coherent receiver 

Traditional direct detection (DD) schemes only detect light intensity limiting its use for OOK 

or DPSK through differential phase encoding. A coherent receiver can preserve both phase 

and amplitude information of optical fields enabling detection of arbitrary multilevel 

modulation signals. The availability of high-speed ADC made coherent systems possible 

while opening possibilities for powerful DSP. Figure 2.4 shows the general structure of a 

coherent optical receiver which can be divided in the following subsystems [6]: 

1) Optical Front End. - The first stage maps the received optical signal into the electrical 

domain. This is achieved by mixing the received optical signal, initially filtered, with the 

LO laser signal, whose optical fields can be represented, as shown in Eq. (2.1), by [8]: 

                                      (2.4) 

For coherent detection, typically an optical 90° hybrid is used to mix these signals. The 

four outputs of optical hybrid go to balanced detectors from where the electric IQ 

components can be obtained. By using a homodyne (      ) scheme, the received 

signal can be converted to an electrical baseband signal with IQ components as [13]: 

                                               , (2.5) 

where   is the photodetector responsivity which relates the induced photocurrent     to 

the incident optical power     by         . By locking the phase, the received symbol 

IQ coordinates can be obtained. The advent of DSP enabled the use of  a free running LO 

instead of an optical phase locked loop (PLL) which had stringent linewidth restrictions 

and required complex hardware implementation [7]. 

 

Figure 2.4. Structure of optical coherent receiver and optical front end with LO laser 

2) ADC. - This stage, composed of a sampler and quantizer, converts the I and Q electrical 

analog signals into quantized digital signals. The minimum sampling rate is the symbol 

rate   , but using a sampling rate of     is beneficial for digital timing recovery. ADC 

technologies have developed greatly offering sampling rates above 60 GS/s [5]. The bit 

resolution of the ADC will determine the number of levels in the quantizer [6]. Both the 

bit resolution and the sampling rate are key parameters which define the achievable 

throughput of a system [3]. 
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3)  DSP / Demodulator. - After ADC, signal processing stage performs several functions 

like equalization, timing recovery, interpolation and carrier phase estimation (CPE). DSP 

offers the possibility to compensate dispersion, phase noise and other transmission 

effects. After DSP, demodulation is performed by a decision stage which maps the 

detected symbol to its corresponding bit sequence. ADC and DSP modules are integrated 

in one single chip for enhanced hardware efficiency 

4) Outer receiver. - This last stage can implement forward error correction (FEC) or other 

decoding schemes on the output bit data stream to provide the best possible error 

performance of the signal. As such, it is not formally part of the coherent receiver. 

2.5 Impairments of optical coherent systems 

Several transmission impairments affect the performance of optical systems. Effects in the 

optical fiber (dispersion, nonlinearities, attenuation), as well as noise mechanisms in the 

channel and in the transmitter and receiver, impose fundamental limits on the capacity of 

optical channels [14]. These effects have a cumulative effect in the receiver sensitivity, which 

is the required optical signal to noise ratio (OSNR) to achieve a sufficient bit error rate in a 

channel. For the purpose of this thesis, these effects are briefly summarized here, with an 

emphasis on phase noise, which is the main impairment addressed in this thesis. 

Dispersion is related to the frequency dependence of the optical fiber's refractive index. 

Chromatic dispersion (CD) can be described as the effect causing different wavelengths to 

travel at different speed resulting in time broadening of light pulses. Polarization mode 

dispersion (PMD) is related to birefringence in optical fibers, i.e. different refractive index for 

different polarizations, and also reflects in pulse broadening [8]. Dispersion has a cumulative 

effect over distance which leads to inter-symbol interference (ISI) which prevents successful 

detection and reduces attainable bit rate. Nevertheless, using coherent detection with DSP, 

both CD and PMD can be successfully compensated [6, 13, 15]. Moreover, multilevel 

modulation has an increased tolerance against both CD and PMD at low symbol rates [7].  

Nonlinearities are mainly present in optical fibers because of Kerr effect i.e. a refractive 

index dependence on power intensity of a signal. They are present at high signal power and 

limit the spectral efficiency for coherent systems at high OSNR. Nonlinearities can be 

induced by self phase modulation (SPM), or due to fields of neighboring channels, cross 

phase modulation (XPM) and Four Wave Mixing (FWM). In the absence of ASE, these 

effects are deterministic and pre-compensation at the transmitter is possible [16]. However, in 

long-haul systems, both SPM and XPM contribute to phase noise. These nonlinearities (XPM, 

SPM, FWM) can normally be controlled by using low launch powers to reduce its effect [14]. 

Attenuation determines the power of a signal over a distance span due to intrinsic (Rayleigh 

scattering, ultraviolet and infrared absorption) and extrinsic mechanisms (OH absorption, 

impurities) [8, 13]. These mechanisms lead to a wavelength dependent loss which is the 

reason behind the commercial use of transmission windows at 850, 1330 and 1550 nm. At the 

1550 nm windows, single mode silica fibers have a low loss of 0.2 dB/km, which allow a 

repeater spacing of 80-100 km in WDM systems. Attenuation determines the required 

distance between amplifiers which eventually affects performance due to noise from 

amplified spontaneous emission (ASE). 

Additive Noise affects an optical system's OSNR through different mechanisms. In a receiver, 

photo-detection process adds shot noise, due to the quantum nature of detected light, and 

thermal noise, due to the random motion of electrons which results in a fluctuating current 

[14]. In a transmitter, two fundamental noise mechanisms are spontaneous emission, which 



 

16 

dominates in semiconductor lasers, and electron-hole recombination (shot noise) [8]. Intensity 

fluctuations in the transmitter contribute to relative intensity noise (RIN). 

Phase noise is a key impairment for coherent systems which reflects as an angular spread in 

the received constellation. Phase noise has two main sources, nonlinear effects in the optical 

fiber and laser mechanisms. Nonlinear phase noise, such as SPM and XPM in WDM systems, 

can be partially compensated through digital back propagation or controlling launch powers 

[3].  In the laser, spontaneous emission leads to a random phase shift in the emitted field of a 

laser. In other words, the laser phase changes in time which results in spectral deviations of 

the carrier frequency leading to a finite spectral linewidth. The spectral linewidth Δν of a laser 

is commonly defined as the full width half maximum (FWHM) or -3dB bandwidth of the 

Lorentzian spectrum which describes the non-zero spectrum of the laser [8, 13].  

For traditional systems, phase noise is not an important issue as they are based on direct 

detection. Coherent systems, on the other hand, require two lasers (a transmitting and a LO 

laser) to be synchronized in order to recover the carrier phase. For multilevel modulation, like 

mQAM, the phase separation between symbols decreases with higher order modulation 

formats. This reflects in a reduced phase noise tolerance and thus, a limited linewidth 

tolerance for coherent systems with advanced modulation formats. Two main factors have 

been important to address the phase noise impairment in coherent systems in recent years: 

 Laser technologies have developed focusing on narrow linewidth, wide tunability and 

high stability components. Electrical-cavity lasers (ECL) can now provide a narrow 

linewidth (in the order of tens to hundreds of kHz). However, ECL lasers have a very 

high cost and lack the functionality of DFB lasers, which are widely used in WDM 

systems  [17]. However, DFB lasers have a higher linewidth Δν <10 MHz, resulting in 

more phase noise. DFB technologies can achieve laser linewidth as low as 100 kHz [18]. 

 Coherent systems with integrated DSP offer the possibility to compensate phase noise 

using digital carrier phase estimation (CPE). CPE enables a free running LO, reducing 

hardware requirements and relaxing stringent linewidth requirements compared to 

coherent systems with PLL. Efficient CPE with high linewidth tolerance would enable a 

cost-effective implementation of multilevel coherent systems using commercial DFB 

lasers. This has been an area of interest in recent years as shown in following section. 

2.6 Carrier Phase Estimation (CPE) 

Phase noise can greatly affect the performance of coherent systems and set stringent limits on 

the tolerable laser linewidth of the system. When optical coherent detection was devised in the 

80's, the only way to compensate phase noise was using an optical PLL, however this implied 

a complex hardware implementation and very limited linewidth tolerance. With the advent of 

fast ADC and the implementation of DSP in coherent receivers, phase noise could be 

compensated with digital CPE enabling a free running LO [3, 6]. CPE schemes can be 

evaluated based on its phase noise tolerance (i.e. how large can the laser linewidth be?) and 

the sensitivity penalty (i.e. what power cost is involved to achieve a target error rate?). The 

linewidth tolerance is evaluated with the linewidth symbol duration product ΔνTs, where Δν 

considers the spectral linewidth of both transmitter and LO laser. Another important 

evaluation parameter is the required hardware and computational requirements which add 

complexity and limit efficiency for the digital coherent receiver. 

There have been different CPE schemes proposed for coherent systems which include both 

decision-directed feedback [19-22] and feed-forward structures. Decision-directed schemes 

require a feedback loop to aid decision stage and phase estimation is only based on previous 



 

17 

symbols. Required parallelization and pipelining presents implementation challenges for 

decision-directed schemes and also feedback delay which decreases significantly the phase 

noise tolerance. Feed-forward carrier recovery uses geometric properties of constellations to 

remove modulation, can be easily parallelized, and considers preceding and following 

symbols for phase estimation. For this reason, blind (non data-aided) feed-forward structures 

are preferred for hardware efficiency and phase noise tolerance [3, 16, 18, 23].  

The Viterbi-Viterbi (V-V) algorithm, which raises a signal to the M-th power to remove 

modulation and extract the phase offset, can be implemented in a blind feed-forward structure. 

It enables an easy parallelization for DSP and due to its efficiency, it is widely adopted for 

CPE of PSK signals with uniform phase distribution [6, 15, 24]. The phase estimate for one 

sample is obtained based on an average estimate from a block of symbols. However, adapting 

the V- V algorithm for feed-forward CPE of mQAM signals is more complex due to intrinsic 

characteristics of square constellations. As illustrated in Figure 2.2(b), 16QAM has a non-

uniform phase distribution in its middle circle as well as a reduced phase separation between 

symbols. This limits the phase noise tolerance and prevents the direct implementation of V-V 

for CPE of mQAM signals . Several approaches have been proposed to address this problem: 

 V-V based. - To address the non-uniform characteristics of mQAM, these schemes either 

consider only some symbols for phase estimation, QPSK reduction [25], or divide phase 

estimation for two classes of symbols within a square constellation, QPSK partitioning 

[26]. Further ways to enhance performance of QPSK partitioning have been proposed like 

using optimized window structures, or through sliding window [27] or Barycenter 

approach [28]. However adapting the constellation requires additional stages, limiting its 

performance. For modulation orders higher than 16QAM, it is unpractical. 

 Blind phase Search (BPS). - In this approach also proposed by Pfau et al. [18], different 

angles are tested instead of extracting phase from the signal. This blind feed-forward 

decision-aided scheme can be used for high order modulations and has very good 

linewidth tolerance but to achieve sufficient accuracy, it requires many test angles (>64 

for 16QAM) increasing significantly its computational requirements. Additionally, BPS 

requires differential coding to avoid phase slips which results in sensitivity penalties [3]. 

 Pilot-Aided (PA). - This data-aided approach uses either a pilot tone [21] or inserts 

symbols into the data stream [29] which are known to the receiver in order to calculate 

carrier phase. This method has the best performance as absolute phase detection is 

possible and hardware implementation is also efficient. However, a big setback is a 

considerable overhead which needs to be considered in the data limiting the system's 

throughput, efficiency, and the available overhead for other decoding schemes like FEC.  

 2-Stage Carrier Recovery. - To leverage the tradeoff between performance and 

complexity, this approach combines different CPE schemes in two or more stages. The 

idea is to calculate a coarse (to reduce complexity) estimate using high performance 

schemes like BPS or pilot-aided schemes and then using a second stage to increase 

accuracy. Some of the main 2-stage approaches proposed so far are: 

o Two coarse BPS stages [30], BPS with decision-aided maximum likelihood 

(ML) estimation [31] 

o Semi-blind approach with pilot-aided 1
st
 stage with ML for 2

nd
 stage [32, 33] 

or other V-V based scheme  

o 2-stage modified QPSK partitioning [34], QPSK part. with BPS for 2
nd

 stage 

[34], or QPSK part. with ML estimator [35].  

The disadvantage of this approach is that integration of two stages still results in high 

computational complexity and more sensitivity to burst errors, since no phase 
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unwrapping  is available for 2
nd

 stage leading to increased ambiguity. Additionally, the 

disadvantages of each method (mQAM adaptation in V-V, complexity of BPS, overhead 

for pilot-aided), though reduced to a certain degree, are still present. The optimal solution 

for one scenario may not be the optimum for a different one [3]. 

Feed-forward carrier recovery 

V-V based BPS Pilot-aided (PA) 2-Stage 

 blind 

 efficient, simple 
 blind 

 high LW tolerance 
 absolute phase 

recovery 

 hardware-efficient 

 flexible complexity 
/performance tradeoff 

 impractical for 
mQAM m>16  

 poor LW 
tolerance 

 comp. complexity  

 differential coding 
 not blind 

 overhead 
 comp. complexity 

 Sensitive  to burst 
errors 

Linewidth Tolerance of key proposals for 16QAM (@BER=1E-3) 

 V-V based BPS 2-Stage 

 QPSK w/ slid. Window 
 Fatadin [27] 

BPS 
Pfau [18] 

PA + ML 
Zhang [32] 

V-V + ML 
Dris [35] 

QPSK + BPS 
Zhong [34] 

Sensitivity Penalty 
(@ ΔνTs=1E-4) 

1.25 dB 0.75 dB 0.6 dB 0.75 dB 0.8 dB 

Max ΔνTs  
(@1-dB penalty) 

< 1x10-4 1.4x10-4 4.8x10-4 1.5x10-4 1.3x10-4 

Table 2.2. Overview of feed-forward CPE schemes for QAM signals  

Table 2.2 summarizes the different schemes proposed for carrier phase recovery of mQAM 

signals in coherent systems. Some of these methods, especially those based on BPS and PA, 

can achieve high linewidth tolerance which allows using some DFB lasers. However, this 

high performance comes at the the cost of significant complexity and overhead, respectively, 

thus limiting the implementation of CPE for mQAM signals. Additionally, there is still an 

associated sensitivity penalty and a considerably reduced linewidth tolerance at higher 

modulation levels.   
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2.7 Challenges & motivation 

As shown in this chapter, coherent systems provide several advantages for next generation 

optical systems such as enhanced spectral efficiency, receiver sensitivity and the possibility to 

perform several functions in the electrical domain through DSP. On one hand, this is 

beneficial for long-haul systems as high capacity could be achieved combining multilevel 

coherent systems with WDM. On the other hand, this is also of interest for optical networks 

and as but also as interface rates are rapidly increasing. Some key challenges, as recognized 

by leading research in coherent optical systems, are still an issue for the widespread 

implementation of multilevel coherent optical systems [3, 4, 7, 16]: 

 ADC requirements. - The ADC bandwidth and resolution are key requirements for 

coherent systems, especially for high order modulation formats. This was a technological 

barrier up to some time, but now commercial systems can use ADC/DAC based on 

CMOS with sampling rates around 60 GSa/s and resolution up to 8 bits [5]. Digital 

oscilloscopes provide up to 160 GSa/s but these are limited to research experiments. 

Using multilevel modulation formats, like mQAM, the requirement on sampling rate 

decreases. Nevertheless, the required ADC resolution, which increases with the number 

of symbols within the constellation, also needs to be considered. Algorithms 

implemented through DSP should be able to achieve high performance without requiring 

large ADC resolution. 

 Implementation complexity. - The complexity of transmitter and receiver affects the 

cost, power consumption and integration of components. The transmission of square 

mQAM signals implies a tradeoff between electrical and optical complexity. Exploring 

alternative modulation schemes could bring reduced transmitter complexity. In the 

receiver, not only the external quantization by ADC is important; the internal resolution 

should also be considered to find a balance between performance and hardware 

requirements [18]. CPE algorithms implemented through DSP should focus on reducing 

the computational/hardware complexity and power consumption.  

 Linewidth tolerance. - Phase noise is still an important impairment for coherent systems. 

It limits the linewidth tolerance ΔνTs of a system, putting restrictions on the symbol rate 

and type of laser which can be used. To lower the cost, the linewidth requirements of 

optical systems should allow the use of DFB lasers. Most state-of-the-art experiments on 

mQAM are still based on expensive ECL lasers. Using efficient and high-performance 

CPE schemes, these strict laser requirements can be relaxed to enable the use of DFB for 

a cost-effective implementation of coherent systems. 

Phase noise impairment and the effect it has on linewidth tolerance of a coherent system are 

the main motivation for this thesis work. The complexity and linewidth tolerance challenges 

can be addressed by investigating efficient CPE schemes. Using CPE with alternative 

modulation schemes, like circular modulation formats, is a novel approach which is addressed 

in this thesis. The goal is to overcome the tradeoff between complexity/cost and performance 

of optical systems, looking forward to the implementation of cost-effective coherent systems 

with high speed, high capacity and robust phase noise tolerance. 
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3 CPE for circular QAM modulation 

3.1 Construction of circular QAM signals 

Conventional square QAM constellations have inherent characteristics which imply 

significant complications for the implementation of CPE in coherent systems. Circular QAM 

(C-QAM) constellations provide a higher flexibility as they can be constructed with arbitrary 

phase distribution, number of amplitude circles, and number of symbols per circle. The 

characteristics of C-QAM can be optimized and designed to increase robustness against both 

phase and additive noise [36-38]. This flexibility allows investigating optimal constellations 

for different scenarios which can even outperform square QAM [36]. Additionally C-mQAM 

characteristics can be used to implement CPE in an efficient, simple, and blind feed-forward 

receiver which does not require additional stages to adapt the constellation or a complex 

hardware implementation. 

In this thesis, a type of circular mQAM constellations is considered as the default C-mQAM 

constellation, which can be simulated in VPItransmissionMaker [39] tool from VPIphotonics. 

The construction of C-mQAM constellations can be exemplified with C-16QAM constellation 

which has 16 (4/4/4/4) symbols distributed in 4 amplitude circles (as opposed to square 

16QAM which has 4/8/4 symbols distributed in 3 amplitude circles). Within each circle there 

is a constant phase separation of π/2 between symbols and every consecutive circle is rotated 

π/2. In this way, C-16QAM has 16 symbols distributed along 8 possible phase positions and 4 

amplitude levels as illustrated in Figure 3.1(a). The radii of the amplitude circles is not 

uniform in order to guarantee that distance between neighboring symbols is close to the 

minimum distance between symbols in the smallest circle. Since for C-16QAM the number of 

neighboring symbols for a given symbol is not equal or less than the number of bits per 

symbol (m=4), Gray mapping scheme cannot be implemented as for square QAM. Instead, for 

C-mQAM the first symbol is assigned to the point in first amplitude circle with the lowest 

phase equal to 0. Subsequent mapping is assigned by increasing symbol number 

counterclockwise, and then from the lowest amplitude circle to the largest as shown in Figure 

3.1(a). 

(a) (b) 

  

Figure 3.1. Circular QAM constellations (a) C-16QAM with symbol mapping, (b) C-64QAM 

This construction design is used by default in VPItransmissionMaker to generate C-mQAM 

signals that consider both additive and phase noise. For example, C-64QAM with 64 symbols 

distributed along 8 amplitude levels and 16 phase positions as in Figure 3.1(b). In general, 

high order circular constellations C-mQAM are constructed through a simple set of rules [40]: 

I 

Q 

I 

Q 
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 Number of circles as          , where b is the number of bits per symbol and     is 

the floor operation to next integer. 

 Number of constellation points per circle as            

 Additional phase shift  for even constellation circles as             

3.1.1 Transmitter considerations for C-mQAM 

As shown in Section 2.3, coherent transmitter structures allow the generation of arbitrary 

modulation format by only adapting the electrical driving signals [11]. In this sense, the 

implementation of C-mQAM does not increase the optical complexity of already available 

multi-format transmitters, but does require adapting the electrical driving signals of 

modulators. For a an IQ modulator with a pair of single-drive MZM (IQ-SD), C-16QAM 

would require 9-ary driving signals, compared to 4-ary signals needed to generate 16QAM 

signals under the same configuration [11]. However, by using transmitter configurations with 

reduced optical complexity, like serial intensity and phase modulator (IM/PM), C-mQAM 

would require considerably less signal levels than the equivalent mQAM format. This 

advantage is more evident at higher order modulation formats as shown in Table 3.1. 

Transmitter 
Configuration 

Number of levels in electrical driving signals 
4 bits per symbol 6 bits per symbol 

C-16QAM 16QAM C-64QAM 64QAM 

IQ-SD 2 x 9 2 x 4 2 x 33 2 x 8 

IM/PM 3 / 8 4 / 12 8 / 16 9 / 52 

Table 3.1. Comparison of driving signals required to generate C-mQAM and square mQAM 

The tradeoff between electrical and optical complexity is an inherent characteristic of 

coherent transmitters [11, 12] but the electrical requirements of non-complex optical 

transmitters (i.e. IM/PM or DD) can be greatly reduced using circular constellations. 

3.2 Normalized V-V CPE for C-QAM signals 

The studied phase recovery scheme in this thesis is based on the V-V algorithm [41] which 

has been widely studied and used in coherent QPSK systems [6, 15, 24]. The V-V algorithm 

raises a signal to the M-th power, taking advantage of the geometric properties of a 

constellation, in order to remove modulation. This blind feed-forward scheme is implemented 

in the DSP stage of a coherent receiver (see Figure 2.4) which means that signal processing is 

applied over optimum digital samples of the detected IQ components of the optical signal.  

Consider that any symbol encoded in an optical carrier can be expressed as a complex signal 

by its IQ components              
    (see Ec. 2.2), where subindex   represents the 

discrete time index (     ) of the received IQ samples at the symbol rate   . By including 

the effect of phase noise on the signal, a received symbol, at  -th instant, can be expressed as: 

)( kkj
kk erx

 
 , (3.1) 

where    represents the phase offset induced by the transmitter laser and the LO laser, while 

   and    represent the amplitude and phase of detected sample without phase noise 

consideration. Note that additive noise from other sources is still reflected in both    and   . 

The received symbol sequence is then represented as [                    ], where   

represents the number of preceding and following symbols of   , which together define a 

total block size            . This block size can be seen in an analogous perspective as 

the length of a phase noise filter. 
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The phase offset for symbol    is estimated by considering the average phase offset across the 

block. In this scheme, every symbol has different phase estimation due to the use of a "sliding 

window" approach as in [27], unlike the block averaging approach [26] where a common 

phase estimate is calculated for all samples within the block. Figure 3.2 illustrates the 

different stages of normalized V-V CPE for the received symbol sequence. Figure 3.3 shows 

the step-by-step implementation for the phase estimation of one C-16QAM symbol with 

         and for the overall constellation. 

 

Figure 3.2. Structure of normalized V-V CPE 

1. Normalization.- This amplitude normalization phase prior to V-V CPE on    aims to 

reduce ambiguity in phase estimation due to additive noise and different amplitude levels 

in the QAM signal. The normalized symbol               only considers the phase 

component removing amplitude effects for phase estimation. From Figure 3.3 it can be 

seen that after normalization the phase estimation for C-16QAM can then be performed 

around 8 phase positions (similar to 8PSK constellation). 

2. M-th power.- The received complex symbol is raised to the M-th power. Considering 

that the symbol positions of a constellation have uniform phase distribution (         
    ), by applying the M-th power all ideal symbol positions are shifted to       . 

Thus, the phase offset for any symbol is mapped around one single position in an IQ plot. 

3. Summation.- The normalized raised symbols are summed within the defined block size 

       to consider an average phase offset around symbol   . 

4. Argument calculation.- The argument or angle of the complex sum vector is calculated 

and divided by M to estimate the average phase offset for the block. Thus, the raw 

estimated phase deviation for symbol    up to this stage can be defined by [25, 27]: 
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5. Phase unwrapping.- An unwrapping stage is necessary to correct discontinuities in the 

raw estimated phase sequences. Since the angle calculation lies between [-π, +π], the raw 

estimated phase r
kθ̂  obtained from Ec. (3.2) is limited within the range of [-π/M, +π/M]. 

However the laser phase response tends to have continuous behavior (despite its random 

nature) and also, the induced phase offset can be outside this range. Phase unwrapping 

solves this by taking into account the previous estimated phase sequence to calculate an 

unwrapped phase estimate u
k̂ . Without it, it would not be possible to track phase offsets 

larger than the indicated range. For more details on phase unwrapping  see Appendix II. 

6. Phase correction.- In the last stage, the phase of the received symbol    , which was 

delayed by N symbols, is corrected by )ˆexp(ˆ
u
kkk jxx  .  
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Figure 3.3. Step by step performance of normalized V-V CPE scheme 
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The selected M value for V-V CPE depends directly on the number of phase positions. For 

example, for QPSK with       = [0, π/2, π, 3π/2], applying an M-th power of 4 would take 

all symbols to 2nπ. In this way, the phase offset of every symbol can be estimated, regardless 

of their specific position within a constellation. For C-16QAM constellation, the optimum M 

value is 8, since there are 8 different phase positions. For C-32QAM and C-64QAM, an M 

value of 16 is required. The block size        is also directly related to the performance of the 

algorithm. The optimum        depends on system parameters like OSNR and laser 

linewidth. This aspect was studied through simulations as shown in Chapter 4. Normalized V-

V CPE was implemented in MATLAB (see Appendix II) to post process a received complex 

signal with IQ components. 

3.3 Model in VPItransmissionMaker 

VPIphotonics is a software tool which offers simulation and testing environments for different 

optical components, devices and systems. VPItransmissionMaker Optical Systems [39] is the 

simulation environment used to simulate an optical coherent system and evaluate the 

performance of the studied phase recovery scheme on C-mQAM constellations. 

VPItransmissionMaker allows to implement signal processing in MATLAB [42] through its 

cosimulation interface. In this way the signals generated with VPItransmissionMaker can be 

processed in MATLAB. 

3.3.1 C-mQAM coherent system 

An optical coherent back-to-back system was simulated in VPItransmissionMaker [39] to 

analyze performance of normalized V-V CPE for C-mQAM signals. Figure 3.4 shows an 

overview of the structure of the simulated system in VPI. For all simulations, 2
16

 symbols are 

transmitted at a symbol rate of 28GBaud which corresponds to a channel rate of 112 bits/s for 

C-16QAM and 168 bits/s for C-64QAM. The performance of the system was studied with 

sweep simulations across three main parameters or variables:  

 OSNR, which determines the additive noise in the signal, and is set after transmission to 

properly determine receiver sensitivity,  

 Laser linewidth Δν, which combines the linewidth of transmitter and LO laser, and 

determines the phase noise that is introduced to the signal 

 V-V block size, which is set as an input variable of the CPE scheme implemented in 

MATLAB. 

The performance of the system is evaluated with SER measurements using Monte-Carlo 

(MC) approach with direct error counting, comparing the detected symbols with the 

transmitted symbol. The linewidth tolerance is evaluated based on the linewidth symbol 

duration product (ΔνTs) and the associated sensitivity (OSNR) penalties, which are estimated 

from SER vs. OSNR curves at a target SER of 10
-3

.  

For the transmitter, a PRBS sequence of length                                  is 

used to control the IQ driver which generates the electrical signals to drive the optical 

modulators. The constellation characteristics and the transmitter type determine the type of 

driving signals generated by the IQ driver module. A single drive IQ (IQ-SD) modulator with 

two arms is used (as shown in Figure 2.3). The transmitter laser (Tx laser) generates the 

continuous wave (CW) optical signal which is modulated and encoded with data from the bit 

stream. Information about the constellation and the transmitted bit sequence are saved to a 

logical channel for further error measurement in the receiver.  
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Figure 3.4. Block diagram of optical C-mQAM coherent system simulated in VPItransmissionMaker 

For the coherent receiver, an optical hybrid with a free running LO laser, with same 

characteristics as transmitting laser,  is used to demodulate the optical signal (as explained 

previously in Figure 2.4). Photodiodes act as the optical/electrical interface to obtain IQ 

components. After ADC stage, which includes filtering and sampling, the IQ electrical signals 

are then processed by DSP module with normalized V-V CPE which is implemented through 

MATLAB/VPI cosimulation. Finally, SER is measured for the received signals after phase 

recovery with VPI module. For more detailed description and parameters of the simulated 

system in VPItransmissionMaker, see Appendix I. 

3.3.2 SER / BER measurement 

The last stage of the simulated model in Figure 3.4 corresponds to SER measurement. SER 

and Bit Error Rate (BER) are two performance measurement approaches for optical systems. 

For simulations in this thesis which are focused on C-mQAM, SER is used because it 

provides a more general performance assessment. BER is commonly used for analysis of 

square mQAM signals, because coding schemes (e.g. Gray mapping, differential decoding) 

are used in such systems and their effect can be evaluated by estimating BER. However for C-

mQAM constellations, Gray mapping cannot be implemented due to constellation structure as 

shown in Figure 3.1. This is not necessarily a drawback, as alternative mapping schemes 

could be investigated and even exceed Gray mapping performance [36].  

Figure 3.5 shows how BER and SER can measure performance for the same 16QAM system. 

If there is 1 bit error in a received symbol, this results as 1 symbol error, meaning SER    
 BER, as it can be seen at high OSNR values (close to error-free performance). However if 

there are 2 or more bit errors within a received symbol, they still result in 1 symbol error, 

meaning that BER < SER <    BER, as it can be seen in general at lower OSNR. In a real 

system, SER will be closer to    BER. The case when BER is close to SER is only possible 

at high bit errors per symbol which only happens at very low unpractical OSNR values. BER 

and SER are not directly comparable; however, they can still be used as reference.  
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Figure 3.5. BER/SER measurement comparison for square 16QAM 

SER Monte Carlo (SER-MC) approach is considered because the traditional statistic 

BER/SER measurement methods assume a Gaussian noise distribution, which does not 

consider phase noise processes generated by either nonlinear effects or laser linewidth. The 

drawback of SER-MC is that a large number of symbols need to be simulated to estimate 

correct SER values (>2^8 symbols) but this is possible in VPItransmissionMaker. It is 

important to note that as 2
16

 symbols were simulated in the model, the smallest SER which 

can be measured using SER-MC approach is                 . This can be seen in 

Figure 3.5, where at high OSNR, close to 21 dB, this value is reached and thereafter, results 

yield error-free performance. However as the region of interest for the analysis is around 

SER=      , the amount of simulated symbols is enough to make an accurate estimation of 

receiver sensitivity at this SER. 

The decision regions for CmQAM modulation formats are calculated in VPI as Voronoi 

regions for constellation points set. These regions are defined by the area in the IQ plane in 

which points are closer to a given constellation point than to any other point [40].   
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4 Simulation & results 
The results obtained in this thesis work are divided in three sections. The first part is focused 

on evaluating performance of C-mQAM compared to conventional mQAM without the use of 

any phase recovery scheme. The second part focuses on the performance of V-V CPE with 

different block sizes, its relationship to system parameters, and with the implemented stage of 

normalization. Finally, the third section shows the linewidth tolerance that is achieved 

combining C-mQAM with normalized V-V CPE. 

4.1 C-mQAM vs mQAM 

Different constellations have different symbol distribution in its constellation diagrams which 

changes the Euclidean distance between symbols and thus, its noise tolerance. This can be 

analyzed with the SER vs OSNR performance. The receiver sensitivity can be obtained by 

estimating the required OSNR to achieve a specific SER for different constellations. The 

sensitivity penalty is then obtained by comparing different sensitivity values to a performance 

reference. This reference considered is mQAM system without phase estimation under ideal 

conditions i.e. phase noise free (ΔνTs=0). Figure 4.1 shows the comparison of C-mQAM 

constellations and mQAM constellations under ideal conditions. C-16QAM and C-64QAM 

signals (as depicted in Figure 3.1) to its equivalent square modulation formats (16QAM and 

64QAM as depicted in Figure 2.2). At a target SER of 10
-3

, the OSNR penalties were 0.28 dB 

and 0.81 dB, for C-16QAM and C-64QAM, respectively.   

 

Figure 4.1. C-mQAM and mQAM performance comparison 

C-16QAM was also compared with square 16QAM under different scenarios, under ideal 

conditions, and with low phase noise. Low phase noise scenario considers a spectral linewidth 

Δν of 10 kHz which corresponds to ΔνTs           at 28 GBaud. For these simulations, 

no phase recovery was implemented yet. Figure 4.2  shows this comparison which also 

includes the ideal scenario for reference. Results show that C-16QAM outperforms 16QAM 

when considering low phase noise. Despite increasing the OSNR, 16QAM reaches an SER 

floor above 10
-2

, while C-16QAM can reach SER < 10
-4

 at the same OSNR. This happens due 

to a reduced phase separation in the middle circle of 16QAM constellation.  As C-16QAM 

has a phase separation of π/2, it has a higher phase noise tolerance, contrary to 16QAM which 

has 8 symbols in its middle amplitude circle with a non-uniform distribution. 

These results confirm the inherent characteristics of circular QAM constellations for phase 

noise mitigation, even without using any phase recovery scheme. The low sensitivity penalty 
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under ideal conditions of C-mQAM suggests that their implementation would not have a 

major effect in overall system performance when considering additive noise. 

 

Figure 4.2. Comparison of C-16QAM and 16QAM with and without phase noise 

4.2 Normalized V-V CPE analysis 

4.2.1 Block size range 

The phase recovery scheme used in this thesis depends on algorithm parameters such as M-th 

power and symbol block size. The optimum M-th power, as explained in Section 3.2, depends 

on the ideal phase positions within the received constellation (8 for C-16QAM, 16 for C-

64QAM). On the other hand, the "optimum" block size depends on additive and phase noise 

in the signal determined by the OSNR and laser linewidth Δν, respectively. To understand this 

relationship, C-16QAM signals were generated for different OSNR and Δν values in 

VPItransmissionMaker and then processed with normalized V-V CPE scheme. 

There is a minimum and a maximum block size which define a block size range where 

successful phase recovery is possible for normalized V-V CPE. When using a symbol block 

size within this range, SER after CPE is very close to the SER without CPE and under ideal 

conditions. Outside this range, the recovered signal will lead to significant errors (SER > 0.1), 

so determining this block size range is fairly straightforward. As a general reference, phase 

recovery is considered successful if the constellation was recovered for an OSNR penalty 

lower than 1 dB when compared to ideal (Δν = 0) performance. Table 4.1 shows the minimum 

and maximum block size       , which define a block size range, for C-16QAM signals with 

different OSNR and linewidth values. The linewidth symbol duration product ΔνTs is also 

shown for reference considering the simulated a symbol rate of 28GBaud. 

 

Table 4.1. Block size range of normalized V-V CPE for phase recovery of C-16QAM 
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Figure 4.3. Block size range with respect to linewidth and OSNR 

Figure 4.3 illustrates the same results of Table 4.1 including the "optimum" block size which 

yields the maximum linewidth tolerance. From these results, several observations can be 

made regarding the studied algorithm: 

 The minimum block size depends on the OSNR. With a decreasing OSNR, a larger block 

size is needed to cancel the effects of additive noise in phase estimation.  

 The maximum block size depends on the linewidth Δν. With an increasing linewidth, the 

required block size becomes smaller because with a too large block, the phase noise 

cannot be tracked and estimated.  

 This tradeoff between additive and phase noise ultimately determines the maximum 

linewidth tolerance for a system. As seen Figure 4.3, the point where the max. and min. 

block sizes meet, an "optimum" block size is found which is able to achieve maximum 

linewidth tolerance for a given OSNR. This optimum block size may not always yield the 

lowest SER; for lower phase noise, lower block sizes yield lower SER. 

4.2.2 Normalization 

To assess the benefits of using a normalization stage prior to V-V CPE, the same set of 

signals was processed with a V-V CPE scheme without normalization. A similar analysis as 

the one in Table 4.1 was performed by processing signals with V-V CPE with and without 

normalization. Figure 4.4 shows for these two cases which is the maximum linewidth 

tolerance that can be obtained for different block sizes. It also gives a clearer overview of the 

relationship between block size, signal linewidth Δν and OSNR. 

Results show that applying a normalization stage prior to V-V CPE can improve performance 

of phase recovery and enhance significantly its linewidth tolerance. At low OSNR, a larger 

block size is required but still higher phase noise tolerance is achieved. This amplitude 

normalization stage proves to be beneficial so that the additive noise and different amplitude 

levels in the C-mQAM signal do not affect the phase estimation. Moreover, normalized V-V 

CPE shows a more stable performance, i.e. a softer slope in Δν vs. block size curves. This is 

very useful to identify an optimum block size for a system whose OSNR and linewidth vary 

within a determined range, or for a signal with specific additive and phase noise 

characteristics. 
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(a) With normalization 

OSNR 
[dB] 

Block 
size 

Max 
Δν 

[MHz] 
ΔνTs 

12 95 0.9 3.2E-5 

17 27 3.6 1.3E-4 

22 13 7 2.5E-4 

27 5 14.9 5.3E-4 

32 3 24.8 8.9E-4 
 

 

(b) Without normalization 

OSNR 
[dB] 

Block 
size 

Max 
Δν 

[MHz] 
ΔνTs 

12 73 0.6 2.1E-5 

17 29 2.3 8.2E-5 

22 7 4.1 1.5E-4 

27 5 11.1 4.0E-4 

32 3 16 5.7E-4 
 

Figure 4.4. Maximum linewidth tolerance for V-V CPE (a) with normalization (b) without normalization 

Figure 4.4(a) can be depicted in terms of linewidth symbol duration period ΔνTs as shown in 

Figure 4.5. In this way, a more general description of the linewidth tolerance of the system is 

provided. From the figure, the block size tradeoff with respect to OSNR and linewidth can 

also be seen. It is observed that increasing the block size is necessary at low OSNR to cancel 

the effects of additive noise in phase estimation. However, the linewidth determines a ; using 

a larger block size leads to more errors in phase estimation and a decrease of linewidth 

tolerance. For these reason, the optimum block size for a signal with a fixed OSNR is close to 

its minimum block size. As expected, the maximum linewidth tolerance increases with signal 

OSNR. At high OSNR of 32 dB, the minimum block size requirements are relaxed allowing 

to use low block sizes, thus achieving higher linewidth tolerance (close to ΔνTs=1x10
-3

) and 

can achieve an error-free transmission. This can also be seen in Figure 4.3. 
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Figure 4.5. Maximum linewidth tolerance for different OSNR 

4.3 Linewidth tolerance analysis 

The previous analysis is useful to understand how normalized V-V CPE works for C-mQAM 

signals and how its parameters, mainly the block size, are related to the OSNR and laser 

linewidth Δν of an optical system. However, in order to evaluate a CPE scheme, it is 

necessary to evaluate the linewidth (phase noise) tolerance and the associated sensitivity 

penalty with respect to the performance of phase noise free mQAM system without CPE. 

The C-mQAM signals were generated in VPItransmissionMaker by sweeping across a range 

of OSNR, between 11 and 22 dB (with a resolution of 1 dB), and linewidth Δν, between 10 

kHz and 25 MHz (which correspond to ΔνTs of 3.6x10
-7

 and 0.9x10
-3

, respectively). Based on 

a block size analysis similar to previous section, an optimum block size was obtained across 

the established OSNR range.  

 

Figure 4.6. SER performance of C-16QAM with normalized V-V CPE for different linewidth values 
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4.3.1 C-16QAM 

To assess the linewidth tolerance of the studied CPE scheme, the SER performance of C-

16QAM after phase recovery was analyzed for different values of ΔνTs as shown in Figure 

4.6. OSNR penalties are obtained at a target SER of 10
-3

, comparing to ideal (ΔνTs=0) square 

16QAM performance. Most of the sensitivity penalty (~0.28 dB) is related to the use of the 

circular constellation which can be seen by comparing the ideal curves of 16QAM and C-

16QAM. Despite a decrease in linewidth tolerance at low OSNR, the penalties are almost 

negligible for ΔνTs < 1.4x10
-4 

when compared to the performance of ideal C-16QAM. This 

can be seen more clearly in Figure 4.7, which summarizes the linewidth tolerance for the 

simulated system. Furthermore, a linewidth of ΔνTs = 1.8x10
-4

 is still tolerable at a penalty 

lower than 1 dB.  

 

Figure 4.7. Linewidth tolerance and associated penalties for C-16QAM with  normalized V-V CPE 

To visualize the performance of normalized V-V CPE, the C-16QAM constellation before and 

after CPE are shown in Figure 4.8. A block size        of 19 symbols was used for the 

received C-16QAM signal with ΔνTs=1.8x10
-4

 and OSNR=18.7 dB. It can be seen that even 

at this high linewidth, the received constellation with high phase noise can be recovered 

properly. Figure 4.9 shows the phase offset estimation which allowed recovering the carrier 

phase for the same C-16QAM signal. It can be seen that normalized V-V CPE, with the 

unrwapping stage, can successfully track phase offset as large as 3π/2.  

  

Figure 4.8. C-16QAM constellation before and after carrier recovery (ΔνTs=1.8x10
-4

, OSNR=18.7 dB) 
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Figure 4.9. Estimated phase offset for all    samples of C-16QAM signal 

4.3.2 C-64QAM 

The linewidth tolerance of normalized V-V CPE for C-64QAM transmissions was also tested 

through simulations in VPItransmissionMaker. The same normalized V-V CPE is 

implemented by only changing the M-th power to 16 due to phase positions of constellation. 

Same simulation parameters and an optimum block size were considered. The sensitivity 

penalties were obtained with respect to square 64QAM ideal (ΔνTs=0) performance, at a 

target SER of 10
-3

. A value of ΔνTs = 3.6x10
-5

, which corresponds to Δν =1 MHz in a 

28 GBaud system, is tolerable at a 1 dB penalty. As with C-16QAM, most of the penalty 

(~0.81 dB) comes from use of the circular constellation which is illustrated in Figure 4.10. 

For ΔνTs < 4.6x10
-5

, the penalty is almost negligible with respect to C-64QAM ideal 

performance. Figure 4.11 shows the constellation before and after carrier phase estimation. 

Although a larger penalty is induced for C-64QAM with respect to 64QAM, still a high 

linewidth tolerance (ΔνTs = 4.6x10
-5

) can be achieved at a penalty close to 1 dB.  

 

Figure 4.10. Linewidth tolerance and associated penalties for C-64QAM with normalized V-V CPE 
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Figure 4.11. C-64QAM constellation before and after carrier recovery (ΔνTs=3.6x10
-5

, OSNR=26.7 dB) 

For both C-16QAM (Figure 4.7) and C-64QAM (Figure 4.10), it can be seen that after a 

certain linewidth threshold value, the required OSNR increases significantly. For this reason, 

a linewidth value with can be identified with which the phase of a signal is still recoverable 

for a penalty close to 1 dB.  This "maximum linewidth" and summary of key results for a C-

mQAM optical coherent back-to-back system using normalized V-V CPE is depicted in Table 

4.2. 

 Linewidth Tolerance OSNR penalty 

@          
Bit rate 

@28 Gbaud  ΔνTs 
Δν @28 
Gbaud 

 C-16QAM 

 

Max. 
(@ ~1 dB penalty) 

Ideal 

       

         

0 

2.8 MHz 

5.1 MHz 

0.28 dB 

0.37 dB 

0.92 dB 

112 Gb/s 

 C-64QAM 

 

 
Max. 

(@ ~1 dB penalty) 

Ideal 

         

         

0 

1 MHz 

1.3 MHz 

0.81 dB 

1.0 dB 

1.13 dB 

168 Gb/s 

Table 4.2. Summary of linewidth tolerance for C-mQAM transmissions with normalized V-V CPE 

From the results obtained from simulations, some key observations can be made regarding the 

challenges of coherent systems which were the motivation for this thesis work: 

 High linewidth tolerance. - For C-16QAM, the achieved linewidth tolerance at a 1-dB 

penalty allows implementation with DFB lasers (100 kHz < Δν < 10 MHz) at the symbol 

rate considered. For C-64QAM, as expected, the linewidth tolerance decreases, but 

implementation is still possible with DFB lasers considering a Δν = 1.3 MHz at the 

symbol rate considered. Considering that ADC technologies continue developing offering 

commercial sampling rates above 60 GSa/s, and experiments carried out at 107 GBaud 

[5], the phase noise tolerance can be even further enhanced.  
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 Low sensitivity penalty. - For both cases, the sensitivity penalty is minimal if compared 

to ideal C-mQAM performance; most of the penalty is related to the use of the circular 

constellation. This low penalty is due to the straightforward employment of V-V CPE 

with C-mQAM constellations. Proposed CPE schemes for square mQAM require adding 

stages to adapt the constellation or using other approaches which lead to sensitivity 

penalties and a significant complexity. 

In this sense, these results show a better performance than proposed CPE schemes for 

mQAM (Table 2.2). The best results for feed-forward CPE of 16QAM achieve at ΔνTs = 

1x10
-4

 a sensitivity penalty close to 0.75 dB (BPS [18] at target rate of BER=10-3). The 

achieved penalty of 0.37 dB at the same ΔνTs = 1x10
-4

 (keeping in mind the BER/SER 

discussion in Section 3.3.2) shows an enhanced performance at a lower power cost.  

 Implementation complexity. – Normalized V-V CPE can be implemented in an efficient 

blind feed-forward receiver. The approach used by this phase recovery algorithm allows 

an easy parallelization for an efficient DSP and hardware implementation. For this reason 

it is widely used for phase recovery of QPSK signals [24]. Considering the high 

computational complexity or significant overhead required for CPE of mQAM (see 

Section 2.6), the normalized V-V CPE scheme provides a more efficient implementation 

for multilevel modulation formats. This is achieved without partitioning of the 

constellation or high requirements on the ADC resolution. 

The results for C-64QAM confirm a straightforward extension to higher modulation 

orders. No additional adaptation or stages are required to extend this scheme for higher 

order C-mQAM signals, other than the change of M-th power. 
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5 Conclusions  

In this thesis work, a novel approach to implement multilevel coherent systems was 

investigated. Phase recovery of conventional square mQAM poses several limitations 

regarding linewidth tolerance and complexity. By combining the power of normalized V-V 

CPE with C-mQAM inherent characteristics, the phase noise tolerance can be enhanced with 

an efficient implementation. C-mQAM constellations allow a straightforward implementation 

of V-V CPE, which is widely used for QPSK coherent systems. C-mQAM also allows using 

some transmitter configurations which are unfeasible for square mQAM due to the required 

DAC complexity.  

Using VPIPhotonics software, an optical coherent C-mQAM system was simulated to test the 

normalized V-V CPE scheme which was implemented in MATLAB. In a low phase noise 

scenario, C-16QAM was shown to outperform 16QAM even without the use of phase 

recovery scheme. The relationship between block size, OSNR and linewidth was analyzed for 

normalized V-V CPE, showing the tradeoff in the selection of the block size with respect to 

additive and phase noise. The normalization stage prior to CPE showed to enhance maximum 

linewidth tolerance for a given OSNR. 

Finally, the linewidth tolerance of C-16QAM and C-64QAM using normalized V-V CPE was 

obtained, showing an enhanced linewidth tolerance at a low sensitivity penalty. For C-

16QAM, at a target SER of 10
-3

, a combined linewidth symbol duration product (ΔνTs) of 

1x10
-4

 is tolerable at a minimum sensitivity penalty (~0.37 dB). For a penalty close to 1 dB, 

ΔνTs of 1.8x10
-4

 and 4.6x10
-5

 are tolerable for C-16QAM and C-64QAM, respectively. The 

linewidth tolerance achieved allows the use of available commercial DFB lasers, for a cost-

efficient coherent system. The achieved linewidth tolerance and simple extension to high 

order modulation formats shows an enhanced performance over proposed CPE schemes for 

mQAM signals. Furthermore, V-V CPE can be implemented in a feed-forward blind receiver 

which can be easily parallelized for efficient DSP.  

This thesis work addresses key challenges of coherent systems, such as stringent laser 

linewidth requirements and receiver complexity, to enable a cost-effective implementation. C-

mQAM transmissions with normalized V-V CPE represent a feasible alternative to be applied 

in high-capacity, low complexity, phase noise tolerant optical systems. 

 

Further investigation should include the consideration of long-distance fiber transmission 

induced impairments, and experimental results. Hardware requirements like ADC resolution 

and DSP complexity could also be analyzed for a clearer comparison of hardware efficiency. 

The investigation of alternative mapping schemes could also be explored to further improve 

the performance of C-mQAM signals and make a more general assessment based on BER 

measurements. 
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Appendix I - VPItransmissionMaker 
With VPItransmissionMaker, one can generate different types of modulation formats (i.e. 

QPSK, mQAM, C-mQAM) with several transmitter and receiver modules. There are three 

main ways to define a circular constellation format and take advantage of the flexible design 

of this constellations 

a) Default C-mQAM.-  default constellation as described in Section 3.2. 

b) Setting Module parameters.- By changing one of the parameters, FormatDetails, of 

in VPI module, one can adjust the number of circles, symbols per circle and phase 

shift. In general this parameter is defined as 

N(x1-...-xn) P(y1-...-yn) R(z1-...-zn), 

where xi represents the number of constellation points on each of n circles, yi the phase 

shift of constellation points on each n circles (as inverse fraction of 2π/yi), and zi the 

radius of each circle.  

c) Text file (*.txt).- Specifying the name (and location) of a text file specifying the I-Q 

coordinate for each symbol in a format specified by VPI. Additional decision regions 

can also be defined in this file. This way is the most flexible but the exact position of 

each symbol must be calculated. For this purpose a MATLAB code was created to 

generate a text file in this format in order to efficiently test different circular 

constellations. IQ coordinates are calculated in this program based on similar 

parameters as the ones defined in the FormatDetails parameter of VPI. 

Depending on the defined constellation through either of these options, the respective 

modules are adjusted (e.g. the encoder adjusts the driving signals which drives the optical 

modulators, and a receiver module considers the ideal constellation and decision regions for 

SER/BER measurement). 

 

Figure I.1 VPI model to test arbitrary constellations 

To understand fully how symbol mapping and general constellation construction is performed 

in VPI for mQAM, C-mQAM or any other arbitrary constellations, a simple model using 

VPI/MATLAB cosimulation was implemented.  Figure I.1 shows this model which maps an 

incoming bit stream to IQ coordinates. Some examples illustrate the default mapping schemes 

and flexibility to generate arbitrary constellations. These VPI modules work with same as the 

ones used in the transmitter and receiver modules used in C-mQAM system simulations. 
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Figure I.2. Screenshot of the model implemented in VPItransmissionMaker 



 

47 

Appendix II – Normalized V-V CPE 
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Appendix III – Submitted article 
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Acronyms 

 

BER:  Bit Error Rate 

BPS:  Blind Phase Search 

C-mQAM: Circular m-level Quadrature Amplitude Modulation 

CPE:   Carrier Phase Estimation 

DFB:  Distributed Feedback 

ECL:  Electrical-Cavity Laser 

DSP:   Digital Signal Processing 

LO:  Local Oscillator 

mQAM: m-level Quadrature Amplitude Modulation 

OSNR:  Optical Signal to Noise Ratio 

QPSK:  Quadrature Phase Shift Keying 

SER:  Symbol Error Rate 

V-V:   Viterbi-Viterbi 

ADC:  Analog-to-Digital Converter 

OOK:  On-Off Keying 

BPF:   Band-Pass Filter 

SDM:   Space Division Multiplexing 

 


