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Abstract 
 

The recent decade has witnessed the rapid growth of data traffic driven by various 

bandwidth-rich applications. Accordingly, both short-reach and long-haul fiber based 

optical networks are in great demand. For the long-haul transports, coherent detection 

is dominant due to its superior performance. Although the hardware structure of 

coherent systems possesses large footprint and the corresponding DSP algorithms are 

complicated, the cost is amortised by the high capacity and long transmission distance. 

While for short- to medium-reach transports such as intra- and inter- data center 

connections and metropolitan networks, cost is one primary concern. As such, direct 

detection has attracted extensive research interests due to its simple structure and low 

cost. 

To support short- and medium-reach optical transports in a cost-effective manner, 

field recovery is a promising solution since it enables the chromatic dispersion (CD) 

compensation. Given the cost of the transmission link, direct detection with the 

recovery of optical field has attracted extensive attention. For direct detection systems, 

the signal-signal beat interference (SSBI) induced by the square-law detection is a 

major limiting factor of obtaining the replica of information-bearing signal. As such, 

various algorithms dealing with SSBI have been proposed in the recent years.  

In this thesis, the optical field recovery of directly detected single sideband (SSB) 

and double sideband (DSB) signals has been studied and proposed. For SSB signals, 

without inserting a frequency gap to accommodate SSBI, Kramers-Kronig (KK) and 

iterative cancellation (IC) receivers enable the high spectral efficiency. The 

appropriate modulation formats fitting for both KK and IC receivers have been 

analysed. As KK and IC receivers are designed for the transmission links consisting 

of several spans of fiber, CD impacts on the performance of KK and IC receivers are 

investigated. Results show that the single-carrier modulation format is the better fit for 

KK receivers, while OFDM signals outperform single-carrier signals for IC receivers. 

Due to accumulated CD impacts after transmission, the peak-to-average power ratio 



 

 

(PAPR) of the single-carrier signals increases, which is more likely to violate the 

minimum phase condition of KK receivers compared to the back-to-back (btb) 

condition. Accordingly, the KK receiver requires a higher CSPR after transmission, 

while the optimal CSPR for the IC receiver remains the same as the btb case. The first-

order polarization mode dispersion (PMD) impacts are also investigated, and it is 

demonstrated that PMD is not a major limiting factor for the KK receiver.  

For the field recovery of DSB signals, the direct detection scheme called carrier-

assisted differential detection (CADD) has been theoretically analysed and 

experimentally demonstrated. The algorithm of recovering DSB signal field using 

CADD receiver has been elaborated, and the design guideline of CADD receiver 

including the joint optimization of several key parameters is given via simulations. 

Besides, the first-time experimental demonstration of the CADD receiver has been 

conducted. Experimental results show that the required receiver bandwidth is reduced 

by 41% compared with SSB based direct detection schemes. From the perspective of 

practical implementation, the IQ imbalance impacts of the CADD scheme have been 

analysed, and the tolerance of amplitude and phase mismatch is given. 

Lastly, to alleviate the requirement of high CSPR, several DSP algorithms have 

been proposed. For the SSB direct detection scheme, both enhanced SSBI mitigation 

and virtual CSPR enhancement schemes can effectively reduce the CSPR by 2 to 3 dB. 

For the DSB signal based CADD receiver, a simple but effective power loading 

scheme is proposed to enhance the performance of low-frequency subcarriers, and 

hence predominantly reduce the required high CSPR.  
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 Introduction 

1.1. Introduction  

Modern civilization has witnessed the evolution of communication, and human 

beings have never stopped exploring the possibility of various communication 

approaches. Face-to-face oral conversation is primitive with very limited speed and 

reach, as such, for centuries people are consistently pursuing for solutions of constant 

connections over long distance with low latency [1].  

Optical communication can be traced back to 800 BC, when fire signals were used 

by the Greeks. After that, fire signal relay was developed to enable signal transmission 

over a distance. In the modern society, the system of semaphore relay, which is 

regarded as optical telegraph was demonstrated in France by Claude Chappe in 1792 

[ 2 ]. This semaphore relay was a mechanical system. Along with the industrial 

revolution, the electrical telegraph system was invented by Samuel Morse. Followed 

with the telegraph, one milestone of telecommunication is the invention of telephone 

by Alexander Graham Bell in 1876. To enable transmission over long distance, first 

underwater coaxial cable was deployed in Australia between Apollo Bay and Stanley, 

and first trans-Atlantic coaxial cable TAT-1 was deployed in 1956 as shown in Table 

1.1. However, the intrinsic characteristics of the conventional transmission medium 

including copper wires and coaxial cables pose the limitations of low bandwidth and 

high cost. 

In 1960s, techniques of lasers were developed rapidly. The first working laser with 

the wavelength of 694 nm was developed by T. Maiman at Hughes Research Labs in 

1960, and the first semiconductor laser diode working at 850 nm was demonstrated by 

R. Hall’s team in 1962. The development of lasers triggered the usage of lightwave to 

carry information, in other words, the evolution of semiconductor laser technologies 

paved the way for optical communication. To support the lightwave, namely, optical 

signals, the optical fiber is a promising choice. Compared with the conventional 

communication medium such as copper wires, optical fiber possesses several key 
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merits such as wide bandwidth, and cost-effectiveness due to the abundant resource of 

raw material. To enable optical fiber an appropriate transmission medium for the 

lightwave, the insertion loss of the fiber is a major concern. In 1966, one milestone 

work of developing low-loss optical fiber was accomplished by Charles K. Kao and G. 

Hockham [3]. The insertion loss of the optical fiber per kilometer was reduced to be 

lower than 20 dB at that time by Corning [4]. This record of fiber loss is constantly 

being refreshed along with the new techniques. Nowadays, at the wavelength of 1550 

nm, the insertion loss of standard single mode fiber is generally lower than 0.2 dB/km. 

The low insertion loss enables the optical fiber an appropriate medium for long-haul 

transmission systems [4].  

Table 1.1 Trans-Atlantic telephone cable (TAT) 

Year Cable Type Capacity 

1956 TAT-1 Galvanic 36 channels 

1959 TAT-2 Galvanic 48 channels 

1963 TAT-3 Galvanic 138 channels 

1965 TAT-4 Galvanic 138 channels 

1970 TAT-5 Galvanic 845 channels 

1976 TAT-6 Galvanic 4000 channels 

1978 TAT-7 Galvanic 4000 channels 

1988 TAT-8 Fiber-optic 40000 channels 

1992 TAT-9 Fiber-optic 80000 channels 

1992 TAT-10 Fiber-optic 2×565 Mbit/s 

1993 TAT-11 Fiber-optic 2×565 Mbit/s 

1996 TAT-12/13 Fiber-optic 12×2.5 Gbit/s 

2001 TAT-14 Fiber-optic 3.2 Tbit/s 

 

Thanks to the low transmission loss, in 1988 the first trans-Atlantic fiber-optic 

cable was demonstrated to carry 40000 voice channels, with the bit rate of 280 Mb/s. 
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Given that the optical fiber possesses the wide bandwidth, to further improve the 

capacity, the wave division multiplexing (WDM) was proposed. The first commercial 

WDM system was in the region of 1.3 µm & 1.5 µm, and the bit rate of this system 

can reach 3.4 Gb/s. Although the low insertion loss of the transmission medium (e.g., 

the optical fiber) is highly desirable for short-reach transports, to elongate the 

transmission distance, an effective approach to boost the light power is indispensable 

for long-haul transmission. Among various optical amplifiers, the semiconductor 

optical amplifier (SOA) is advantageous in terms of the small size, easy integration 

with other semiconductor devices, and the wide wavelength region of amplification. 

Both Raman amplifiers and Erbium-doped fiber amplifiers (EDFAs), however, are 

fiber-based optical amplifiers. Compared with Raman amplifiers, EDFAs can provide 

relatively large optical gain, although EDFAs only amplify C- or L-band signals. Since 

optical amplifiers inevitably introduce amplified spontaneous emission (ASE) noise 

while amplifying desired signals, low noise figure is preferable while designing the 

long-haul transmission system.  

1.2. Motivations for field recovery via direct detection 

The recent decade has witnessed the explosive advent of cloud computing, data 

center networks, and people have easier access to the multimedia applications such as 

TikTok, YouTube, high-definition videos, and high-fidelity sound quality music. In 

2010 the number of connected devices per person is merely 1.84, while after ten years 

this number increases to 6.58 [5]. Besides, it is predicted that machine-to-machine 

(M2M) connections would rise from 33% to 50% in next five years, corresponding to 

14.7 billion connections of M2M in 2023 [6]. These data-hungry applications drive 

the need for the high-capacity data traffic [7]. In the past centuries, due to the low cost 

of optical fiber and the development of optical communication technologies, 

telecommunication products using the transmission medium of optical fibers have 

already been extensively exploited and widely implemented. Furthermore, in the 

modern fiber-optic transmission systems, the digital signal processing (DSP) for both 

direct detection and coherent detection enables the superior system performance [8-

10]. Direct detection, due to the simple structure, has been a promising solution for 
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price sensitive transmission links. The direct detection based transmission system 

generally consists of a directly modulated laser, optical fibers, and a single-ended 

photodiode (PD). Due to the square-law detection of the PD, only intensity information 

can be obtained from the detected photocurrent, and hence the transmitted signal in the 

conventional direct detection is commonly intensity modulated signal, which 

corresponds to intensity modulation with direct detection (IMDD) [11]. One major 

limitation for the IMDD system is the nonnegligible chromatic dispersion in the 

window of 1550 nm. Since the phase information is lost in the intensity-only detection 

schemes, chromatic dispersion cannot be digitally compensated. As such, IMDD 

systems are commonly implemented in short-reach applications, given that chromatic 

dispersion is linear to the transmission distance. Though the window of 1310 nm can 

provide negligible chromatic dispersion, the fiber loss in this region poses the 

limitation for the medium-reach optical networks [12-14], such as inter-data center 

networks. For the connectivity between data centers, the transmission distance can be 

up to several spans of optical fiber [15-16], and currently commercialized IMDD 

products can hardly realize such reach. However, the coherent receiver is still 

extravagant for such medium-reach application scenarios, due to the hardware and 

DSP complexity. 

To cope with the high-capacity data traffic driven by various cloud services, 

massive optical transceivers are in demand in the warehouse-scale data centers [17]. 

As such, primary concerns for the data center interconnect (DCI) are twofold: achieve 

high capacity, meanwhile, the cost-effectiveness cannot be sacrificed [18]. To achieve 

the high data rate, in-phase/quadrature (IQ) modulation is preferable since it provides 

two dimensions of modulation, while intensity modulation merely has one degree of 

freedom. Regarding the cost, direct detection is a favourable solution for the receiver 

structure. To explore the possibility of direct detection system for such medium-haul 

links, chromatic dispersion compensation is indispensable to elongate the transmission 

distance, and hence the recovery of field information is required.  

To recover complex-valued signals via direct detection, an optical carrier is needed 

to obtain the signal-carrier beating term. Due to the square-law detection of the PD, 
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the distortion term of signal-signal beat interference (SSBI) is inevitable [ 19 ]. 

Consequently, the mitigation of SSBI is a major task for the field recovery via direct 

detection. Though when the carrier power is sufficiently large, the SSBI distortions 

can be ignored compared with the signal-carrier beating term. The carrier does not 

carry any information and hence it is essentially not power-efficient. To deal with SSBI, 

one approach is retaining the frequency gap between the optical carrier and modulated 

signals, and the bandwidth of the gap should be wide enough to accommodate SSBI, 

for example, the bandwidth of the gap equals to that of information-bearing signals 

[20]. Similarly, for OFDM signals the even-numbered subcarriers can be set to null 

and the signals are only loaded to the odd-numbered subcarriers [21], as such after 

square-law detection, the SSBI would only exist on the null even-numbered subcarriers. 

Nevertheless, these two approaches waste the electrical spectral efficiency, as the 

required receiver bandwidth is generally twice of the signal bandwidth. To enhance 

the spectral efficiency, the frequency gap between the carrier and signals is removed, 

and various algorithms of mitigating SSBI were proposed. For example, single-stage 

linearization and iterative cancellation schemes were proposed and effective SSBI 

mitigation was demonstrated. Besides, Kramers-Kronig (KK) relations were 

investigated to show the ability to recover the phase of signals using detected intensity 

information [22]. Although single sideband (SSB) modulation is adopted for the KK 

receiver, it doubles the spectral efficiency compared with the approach using 

frequency gap. As such, it can be concluded that pursuing the high spectral efficiency 

is the trend. Furthermore, it is expected to develop a direct detection system scheme 

which can be applied for double sideband (DSB) modulation. In this way, the high 

electrical spectral efficiency is achieved, and accordingly, the requirement of receiver 

bandwidth is relaxed, which leads to the cost reduction.  

In brief, the receiver schemes supporting the field recovery of SSB and DSB 

signals via direct detection are major research contents in this thesis. For the SSBI 

which extensively exists in direct detection, algorithms of SSBI mitigation are studied. 

Besides, although the carrier is generally required to be sufficiently strong to obtain 

the desired signal-carrier beating term, it is preferable to load more power on 

information-bearing signals rather than the carrier. Hence, it is highly desirable to 
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develop the algorithms to reduce the required carrier power, which is another focus of 

this thesis.      

1.3. Thesis outline 

The structure of this thesis is as follows: 

Chapter 1 introduces the evolution of fiber-optic communication, and the merits 

of optical fiber over conventional cables are covered. The data traffic demand for high-

capacity optic-fiber based transports such as DCIs which can be up to several hundred 

kilometers is discussed. The necessity of field recovery for such medium-reach 

transmission links is explained, and the motivation of exploring direct detection rather 

than coherent detection to achieve the field recovery is given.  

Chapter 2 is the literature review. The generation of intensity modulated signals, 

optical SSB signals, and DSB signals is introduced first, including the working 

principle of directly modulated lasers (DMLs), electro-absorption modulated lasers 

(EMLs), and Mach-Zehnder modulators (MZMs). Then the conventional direct 

detection system and coherent receiver structure with the respective working 

principles are presented. The techniques of self-coherent system are also covered in 

this chapter. Finally, various proposed algorithms to deal with SSBI are reviewed. 

Chapter 3 focuses on the field recovery of SSB signals via direct detection. The 

working principles of KK receiver and SSBI iterative cancellation (IC) receiver are 

explicated. The modulation formats, for example single- and multi-carrier modulation, 

for KK and IC receivers are investigated and compared. To verify the capability of 

field recovery using KK and IC receivers, CD is digitally compensated at the receiver 

side, and system performance of these two receivers is simulated and experimentally 

demonstrated. Chromatic dispersion impacts on both receiver schemes are studied. 

Besides, the polarization mode dispersion (PMD) impacts are also covered in this 

chapter. 

Chapter 4 focuses on the field recovery of DSB signals via direct detection. The 

motivation of turning to DSB modulation is explained first. After illustrating the 
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receiver structure of carrier assisted differential detection (CADD), the algorithms of 

recovering complex-valued DSB signals are presented. Several key parameters for the 

CADD receiver are thoroughly discussed and via simulation the corresponding 

optimization of optical delay, CSPR along with the frequency gap is conducted. First-

time experimental demonstration of CADD receiver is covered in this chapter. Finally, 

since IQ modulator is implemented in the CADD system, IQ imbalance impacts 

including amplitude and phase imbalance are investigated.   

Chapter 5 focuses on the reduction of the required carrier power, namely, 

relaxation of the high carrier-to-signal power ratio (CSPR) requirement for both SSB 

and DSB based direct detection systems with field recovery. One approach for SSB 

signal field recovery system is the hybrid of KK and SSBI iterative cancellation, which 

is proposed to mitigate SSBI more effectively at low CSPRs, namely, reduce the 

required CSPR. Another approach to reduce the required optical carrier power for SSB 

direct detection system is the virtual CSPR enhancement scheme. For the DSB based 

direct detection system, a simple but effective power loading scheme is proposed to 

reduce the carrier power for CADD receiver. 

Chapter 6 summarizes the key findings of this thesis, and proposes the direction 

of further optimization and work related to the field recovery via direct detection. 

1.4. Contributions 

The contributions of this thesis are as follows: 

Chapter 3 We investigate modulation formats for the KK and IC receiver. Single 

carrier modulation is found to be superior to multi-carrier modulation for the KK 

receiver, and this phenomenon is due to the high peak-to-average power ratio (PAPR) 

of multi-carrier signals. For the IC receiver, OFDM signals outperform single-carrier 

signals. Experimental demonstration is carried out to study the CD impacts on the KK 

and IC receiver. The IC receiver is shown to be robust to CD, while KK receiver 

requires the high CSPR to be insensitive to CD. For the short- to medium-reach 

application scenarios, the first-order PMD impacts are found to be negligible for the 

KK receiver.  
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Chapter 4 Based on the receiver scheme called CADD, we propose the algorithm 

of complex-valued DSB signal field recovery and conduct the simulation of CADD 

receiver. Besides, the first-time transmission system using CADD receiver is presented 

in this chapter. To be specific, in order to enhance the spectral efficiency of CADD 

receiver, the frequency gap with small frequency gap is preferred. To strike the balance 

between system performance and frequency gap, the joint optimization of the optical 

delay line length, the bandwidth of frequency gap, and the CSPR for the CADD 

receiver has been conducted. Correspondingly, a guidance for designing the CADD 

receiver is provided according to simulation results. For the first-time experimental 

demonstration, signal transmission over 160-km standard single-mode fiber (SSMF) 

has been conducted to verify the capability of field recovery for DSB signals. Besides 

the receiver side, one practical issue of IQ imbalance for the CADD scheme is 

theoretically investigated, and results show that the IQ imbalance degrades the system 

performance as a whole, while the processing of SSBI cancellation alone does not 

bring in extra optical signal-to-noise ratio (OSNR) penalty in the presence of IQ 

imbalance.    

Chapter 5 We propose three novel algorithms to enable more power loaded on 

modulated signals rather than the carrier. For the SSB based schemes, enhanced SSBI 

mitigation is proposed to effectively reduce the optimal CSPR by 2-3 dB. Besides, 

another approach called virtual CSPR enhancement scheme is able to increase the 

CSPR at the receiver side, and hence the required power of the carrier transmitted over 

the fiber can be reduced. For the DSB based CADD system, a simple but effective 

power loading scheme is demonstrated to be effective to help make more accurate 

symbol decisions. Accordingly, the requirement of high carrier power for CADD at 

the transmitter side is relaxed.  
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 Basic principle and literature 

review 

2.1. Introduction 

Driven by various applications and services such as Internet of things (IoT) and 

cloud computing, the era of fifth-generation (5G) mobile network has arrived [23-26]. 

5G is expected to provide the ultra-fast internet with low latency and improved 

reliability. For short-reach optic-fiber transports, the conventional IMDD system is a 

cost-effective solution and the corresponding products have been widely implemented 

[27-28]. The transmitted signals in IMDD systems are limited to one degree of 

modulation, namely, only the amplitude of the signal is modulated.  To support the 

networks with ever-increasing data rate, the dimension of modulation freedom has 

attracted much research interests. For optical signals, four dimensions can be 

modulated: intensity, phase, frequency, and polarization [ 29 ]. Out of the four 

dimensions, the amplitude-only intensity modulation is the simplest one, and one 

typical example is pulse amplitude modulation (PAM), which is widely adopted in the 

passive optical network (PON) [30-33]. Beyond that, both in-phase and quadrature 

components can be independently modulated for the IQ modulation, corresponding to 

the quadrature amplitude modulation (QAM). High order IQ modulation has been 

extensively investigated in the recent years [34-38], and the state-of-the-art progress 

is up to 16384 QAM [39]. Furthermore, one intrinsic characteristic of the optical fiber 

is that two polarization states are accommodated. As such, the system capacity can be 

doubled via polarization multiplexing [ 40 ]. Generally, coherent receivers are 

implemented to detect the dual-polarization signals. For the conventional coherent 

receiver, the local oscillator is required at the receiver side, which distinguishes from 

the direct detection. Besides the single-mode fiber (SMF), multi-mode fiber (MMF) 

serves as an approach to increase the capacity via more than one mode [41]. To further 

enhance the system capacity, WDM was proposed to take the advantage of the wide 

bandwidth of the fiber [42-44]. In optic-fiber systems, the system bandwidth is 

commonly determined by the opto-electronic and electronic devices, and whether the 
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cost of the high-speed electronic devices is comparable to the choice of multiple 

channels consisting of relatively low-speed devices is a concern. Correspondingly, the 

WDM scheme provides a promising compromise between single channel with high-

speed components and multiple channels with low-speed components. Furthermore, 

WDM systems can rapidly realize high capacity by fully utilizing C and O bands for 

the medium and long-haul transmission [45-46].  

As discussed above, besides the data rate, the transmission distance is another key 

parameter while designing the optic-fiber system. For the long-haul transmission, the 

cost of coherent receiver with the complicated structure can be amortized by the long 

distance. While for the intensity-only direct detection, it is worth noting that the CD is 

linear to the transmission distance, and CD induced power fading hinders the 

transmission reach of the IMDD system [47-49]. In contrast, the coherent detection 

can recover the field, which enables digital CD compensation at the receiver side, and 

hence enables long-haul transmission [8][50]. Besides, due to the utilization of the 

local oscillator the receiver sensitivity of coherent detection is commonly superior to 

that of direct detection. In this chapter, the transmitters for direct and coherent 

detection are discussed, and the generation of optical SSB signals will be thoroughly 

studied. To bridge the gap between conventional direct and coherent detection, self-

coherent systems are of great necessity to be reviewed. Finally, various proposed SSBI 

mitigation schemes to deal with second-order distortions which commonly exist in 

direct detection systems are reviewed. 

2.2. Optical signal generation for optic-fiber transmission  

To transmit information-bearing signals over optical fibers, baseband electrical 

signals need to be converted to the optical signals. This mapping procedure can be 

either linear or nonlinear depending on the characteristics of lasers and modulators at 

the transmitter side. According to the application scenarios, either IMDD or coherent 

systems can be adopted. To construct a transmitter for the optic-fiber system, some 

widely used modulators include DML, EML, and MZM [51-52]. The optical signal 
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generation schemes using corresponding modulators are discussed in the following 

sections.    

2.2.1. Intensity modulation using DML 

DMLs have been widely implemented for short- to medium-reach transmission 

links due to the simple structure and low cost compared to external modulators [53-

55]. Although distributed feedback (DFB) laser diodes are commonly used for DMLs, 

Fabry-Perot (FP) laser diodes and vertical cavity surface emitting lasers (VCSELs) can 

also enable direct modulation [56]. The FP laser has an active region at the center and 

two parallel mirrors on both sides, and accordingly, this structure is also called Fabry 

Perot resonator as shown in Fig.  2.1(a). The transmittance of the Fabry-Perot cavity 

can be described using the following equation  
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where Iout and Iin denote the output and input currents, respectively, n denotes the 

refractive index inside the cavity, L denotes the length of the cavity, the reflectance of 

the cavity facets is represented by R, and λ is the wavelength. The resonator can only 

support certain wavelengths, and each of them serves as a standing wave. It can be 

derived from Eq.(2.1) that the frequency difference Δf between two standing waves is 

a function of the refractive index and the cavity length 
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Fig.  2.1(a) Fabry-Perot optical cavity. (b) Transmittance as a function of frequency. 
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where c denotes the velocity of light. The active region gain helps to shape the power 

of each Fabry-Perot mode, and eventually only several lasing modes with gain larger 

than loss can survive. As such, FP lasers generate many longitudinal modes, and result 

in relatively large spectral width. Although FP laser can provide relatively large optical 

power and small divergence angle, the multi-mode characteristic is not favorable for 

optic-fiber communication.  

To obtain single-longitudinal mode outputs, DFB lasers can be utilized. The built-

in Bragg grating features the DFB lasers as shown in Fig.  2.2. The selective 

wavelength satisfies the following condition 
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where m is the order of Bragg diffraction, and the effective refractive index is 

represented by �̅� [9]. One merit of the DFB laser is the linearity, which is highly 

desirable for upconverting the baseband signal. As shown in Fig.  2.3 [57], the bias 

current is much higher than the threshold current, and from the perspective of four-

level (PAM-4) modulation the mapping processing is almost linear, though with some 

distortions mainly due to the limited bandwidth of the DFB laser. As such, PAM-4 

optical signals can be obtained shown in the inset (ii) of Fig.  2.3. Other intensity 

modulated baseband signals such as on-off keying (OOK), duobinary, and multi-level 

PAM can be approximately linearly mapped to the optical intensity with the linear 

Fig.  2.2 Operation principle of DFB laser diode. 
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optical power vs bias current curve of such DMLs. However, the frequency chirp is 

one of the common limitations for DMLs. The frequency chirp is induced by the 

injected current, which could change the refractive index of the active region, leading 

to the wavelength drift, which is generally a detrimental factor for DMLs. The 

frequency chirp including both transient and adiabatic chirp can be described using the 

following equation [58] 

 { [ln ( ) ( )]}
4

d
f P t P t

dt





 = +  (2.4) 

where 𝛼 is the laser linewidth enhancement factor, 𝜅 denotes the adiabatic chirp 

coefficient, and P(t) represents the laser output power [59]. 

Besides FP and DFB laser diodes, the VCSEL can serve as a DML. DFB lasers 

generally can provide high output power, and the L-I curve is linear, which is highly 

desirable for the multi-level intensity modulation. In contrast, the linearity of the 

Fig.  2.3 Measured optical power vs bias current curve of a DML. Insets(i) and (ii) are the eye diagrams 

of electrical and optical PAM-4 signals, respectively. 
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VCSEL is poor, and the output power of one single VCSEL is relatively low. However, 

different from the DFB laser, VCSEL can emit light from the top surface, which 

enables the on-wafer testing. Furthermore, the characteristic of emitting light in the 

vertical direction of the surface facilitates two-dimensional array, which contributes to 

high power and reliability. Although the manufacturing techniques of VCSELs have 

been mature, VCSELs are relatively difficult to fabricate long-wavelength devices. 

Accordingly, VCSELs are preferable for the short-reach O-band optic-fiber 

transmission links from the perspective of wavelength [60-62]. For both DFB lasers 

and VCSELs temperature control is one solution to obtain constant wavelength or 

optical power. Generally, as the temperature increases, the optical power decreases 

with the threshold current rises. Given that DFB lasers and VCSELs are sensitive to 

the temperature, the thermoelectric cooler (TEC) is commonly implemented to 

stabilize the temperature for the DMLs, although the TEC is not favorable for compact 

products.  

2.2.2. Intensity modulation using EML 

Electro-absorption modulator (EAM) is a semiconductor-based optical modulator, 

and it can be integrated with other semiconductor devices [14]. To construct the 

transmitter for the optic-fiber transmission system, a laser source is required besides 

the EAM. When EAM is integrated with light source such as DFB lasers, the integrated 

product is called EML. The integrated DFB laser is biased at one certain point to obtain 

a continuous wave mode, and the baseband signals are modulated by applying a 

voltage onto the EAM, as such, the modulated optical signals are generated using EML. 

Since EML separates the functions of the laser source and modulator, the limited 

bandwidth of DMLs is alleviated, and the adiabatic chirp does not apply for the EML, 

only transient chirp exists for the EML. Consequently, the EML based system is a 

promising solution of the high-capacity C-band applications. Since the frequency chirp 

of EML is alleviated compared to DMLs, the EML tolerates more CD impacts. 

However, the corresponding trade-off is that the insertion loss of the modulator is not 

negligible due to the characteristic of electro-absorption (e.g., around 10 dB), and 

hence the output optical power of the EML is relatively low. Besides, the linearity of 
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the EML is generally not as good as DFB based DMLs, for example, the transmittance 

of the EAM is not a linear function of injected electric voltage. Regarding the practical 

product, the EAM can be manufactured using multi-quantum-well structure to pursue 

the compact size.  

2.2.3. Intensity modulation using dual-drive MZM 

Although the EAM is an external modulator, the transient chirp is inevitable and 

broadens the signal spectrum, which limits the EAM to be implemented for the long-

haul transmission. To realize intensity modulation without the detrimental chirp 

impacts, MZM is extensively studied and demonstrated [4,9]. 

The conceptual structure of a dual-drive MZM is shown in Fig.  2.4. The input 

light is split into two paths, which are upper and lower waveguides. The input optical 

signal is denoted by Ein, Vu(t) and Vl(t) are the applied RF signals on upper and lower 

arms, respectively. The phase delay of 𝜙𝑢(𝑡)  and 𝜙𝑙(𝑡)  induced by the driving 

voltages can be expressed as follows 

 ( ) ( ) , ( ) ( )u u l lt V t t V t   = =  (2.5) 

where η is proportional to the electro optic coefficient. As such, the optical signals on 

the upper and lower arms Eu and El can be written as 
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Fig.  2.4 Conceptual structure of a dual-drive Mache-Zander modulator. 
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At the output of the MZM, signals on the upper and lower arms are combined, which 

can be denoted by Eout 
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For intensity modulation, it is worthwhile to derive the output intensity Iout rather than 

end up with Eout, and Iout is given by  
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The transmittance of the MZM is defined as the ratio between Iout and Iin, and the 

voltage difference between the applied voltages on the upper and lower arms is 

denoted by V, namely, 𝑉 = 𝑉𝑢 − 𝑉𝑙 . As such, the phase and the transmittance are 

illustrated in Fig.  2.5.  

 

 

 

 

 

 

 

 

 

 

When the MZM works in push-pull operation, the applied voltages satisfy 𝑉𝑢 =

−𝑉𝑙 = 𝑉, and the Eq. (2.7) can be rewritten as 𝐸𝑜𝑢𝑡 = 𝐸𝑖𝑛 cos (𝜂𝑉). The green solid 

Fig.  2.5 Power transfer function of an MZM. 
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points shown in the transmittance curve of Fig.  2.5 are quadrature points. For intensity 

modulation, the MZM is generally biased at the quadrature point since the vicinity of 

the quadrature point is relatively linear, and hence the intensity-modulated signals can 

be linearly mapped onto the optical field. At the quadrature bias point, the 

transmittance is 0.5, corresponding to at least 3-dB insertion loss. The switching 

voltage 𝑉𝜋 is shown in Fig.  2.5, which represents the half period of the transmittance 

curve. The value of the switching voltage typically ranges from 3 to 8 volts, as such, 

the MZM requires relatively large driving voltages, and electrical amplifiers are 

needed to drive the modulated signals. The principal axis of the MZM is defined by 

the principal axis of the electro-optic crystal, and hence a polarization controller is 

commonly implemented for the MZM to ensure that the polarization state of incident 

light coincides with the principal axis of the electro-optic crystal [63].   

2.2.4. IQ modulation using coherent IQ MZM 

Based on the basic structure of dual-drive MZM shown in Fig.  2.4,  the coherent 

IQ modulator is depicted in Fig.  2.6 [8]. Each of two MZMs works as an intensity 

modulator, which enables the separate amplitude modulation. As such, the applied data 

Fig.  2.6 Conceptual structure of a coherent IQ modulator. Insets (i) and (ii) are the in-phase and 

quadrature modulated PAM-4 signals, and inset (iii) presents the corresponding constellation of 

QAM 16 signals. 
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on each arm is separately modulated amplitude signal, for example, PAM-4 signals 

shown in the inset(i) of Fig.  2.6. With the aid of one 90-degree optical phase shifter, 

the signals on the lower arm are orthogonal to the signals loaded on the upper arm. 

When these two arms are combined, the output of the two combined PAM signals 

becomes IQ modulated signals, as shown in the inset (iii) of Fig.  2.6.   

For intensity modulation, the transfer function is defined as the intensity ratio  

𝐼𝑜𝑢𝑡/𝐼𝑖𝑛, while for IQ modulation, it is reasonable to choose 𝐸𝑜𝑢𝑡/𝐸𝑖𝑛 as the transfer 

function. From Eq. (2.7), the transfer function can be expressed as  

 / cos( )out inE E V  (2.9) 

Analogous to the dual-drive intensity MZM modulator, the transfer function of a 

coherent IQ modulator is depicted in Fig.  2.7.  

The generally used bias points for the coherent IQ modulator are marked in Fig.  

2.7. It is worth noting that the bias point for the coherent IQ modulator is the null point, 

where the transmittance equals to zero, while the bias point for the intensity dual-drive 

MZM is the quadrature point. That is because in the vicinity of the null point, the 

transfer function of a coherent IQ modulator is approximately linear. Compared with 

intensity modulation, IQ modulation provides one more dimension to modulate, and 

hence increases the system capacity. The corresponding trade-off is that such external 

modulators including the dual-drive MZM and IQ modulators are generally bulky in 

size and the insertion loss is larger than that of DMLs. Accordingly, the IQ modulator 

Fig.  2.7 Field transfer function of the coherent IQ modulator. 
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is suitable for the long-haul transmission systems. Besides, to further increase the 

system capacity, dual polarizations can be exploited. The dual-pol MZM consists of 

two coherent IQ modulators shown in Fig.  2.6 and one polarization beam combiner 

(PBC). 

2.2.5. Optical SSB signal generation 

The real-valued RF signal is generally DSB, when the DSB signal is mapped into 

the optical domain the modulated optical signal has two sidebands, with the optical 

carrier in the center. After transmission over the fiber, the CD introduces different 

phase shift on two sidebands. Since the two sidebands are conjugate symmetric, after 

square-law detection of a single-ended PD we can observe destructive cancellation at 

some certain frequencies, and the destructive frequency 𝑓𝑑 can be expressed as [64] 

 2
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f n

DL

+
=  =  (2.10) 

where 𝑐  denotes the light speed, 𝜆  denotes the wavelength, 𝐷  is the chromatic 

dispersion parameter, which is generally 17 ps/nm/km for the SSMF in the C window, 

and 𝐿  is the transmission distance. As transmission distance increases, more 

destructive frequencies can be observed within the signal spectrum, leading to severe 

distortions. As such, conventional DSB-based IMDD systems suffer from the spectral 

power fading, and thus hinders the product of transmission reach and data rate [65-67]. 

One of the promising solutions to deal with the power fading issue is SSB 

modulation. Since the information carried on two sidebands of the real-valued signals 

is redundant, either upper or lower sideband can be removed. The merits of adopting 

SSB modulation are twofold: (i) the CD induced power fading is avoided, and the 

transmission distance can be elongated for the DD system [68]; (ii) optical spectral 

efficiency is enhanced, which is favorable for the WDM system. Consequently, it is 

highly desirable to discuss various schemes of SSB signal generation. 

To realize the SSB modulation, one sideband of DSB signals can be suppressed 

either electrically or optically. Via Hilbert transform DSB baseband signals can be 

transformed to SSB signals. For the real-valued baseband signal 𝑚(𝑡) , in the 
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frequency domain the corresponding upper and lower sidebands are denoted by 𝑀𝑢(𝑓) 

and 𝑀𝑙(𝑓), which are given by 
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where 𝑠𝑖𝑔𝑛(𝑓) is the sign function. It is defined that 𝑀ℎ(𝑓) = 𝑀(𝑓) ∙ [−𝑗𝑠𝑖𝑔𝑛(𝑓)], 

as such, the Eq. (2.11) can be rewritten as 

 

1
( ) [ ( ) ( )]

2

1
( ) [ ( ) ( )]

2

u h

l h

M f M f jM f

M f M f jM f

= +

= −
 (2.12) 

The Hilbert transform 𝐻(𝑓) can be extracted from the definition of 𝑀ℎ(𝑓) 
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 (2.13) 

The Hilbert transform can be regarded as a phase shifter, since it does not change the 

amplitude of signals, and only introduces 90o phase shift. The amplitude and phase 

responses are illustrated as follows 

As such, by utilizing Hilbert transform the phase of upper sideband signals is delayed 

by 90o, and the phase of lower sideband signals is expedited by 90o. Eq. (2.13) can be 

Fig.  2.8 (a) Amplitude response of the Hilbert transform. (b) Phase response of the Hilbert transform. 
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substituted into Eq. (2.11), after implementing inverse Fourier transformation in the 

time domain upper and lower sideband signals are given by 

 

1
( ) [ ( ) ( )]

2

1
( ) [ ( ) ( )]

2

u h

l h

m t m t jm t

m t m t jm t

= +

= −
 (2.14) 

where 𝑚ℎ(𝑡)  denotes the phase-shifted baseband signals, namely, the Hilbert 

transform of the baseband signals [ 69 ]. When the baseband signals and the 

corresponding Hilbert transformation are summed as shown in Eq. (2.14), one 

sideband can be suppressed. Correspondingly, the modulated upper and lower SSB 

signals (e.g., 𝑠𝑈𝑆𝐵 and 𝑠𝐿𝑆𝐵) in the time domain can be expressed as 
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where 𝜔𝑐 is the carrier frequency. Such processing can be conducted electrically, and 

the SSB signals are fed into a coherent IQ modulator to accomplish the optical SSB 

signal generation.    

Analogous to the electrical SSB signal generation approach, the Hilbert transform 

can be implemented in the optical manner. The generation of SSB signals using optical 

Hilbert transformer is shown in Fig.  2.9 [70].  The input of the structure shown in Fig.  

2.9 is DSB signals, and an optical coupler is used to split signals into two paths. The 

upper path serves as the in-phase dimension. In the lower path one 90-degree phase 

shifter and an optical Hilbert transformer (OHT) are implemented. The corresponding 

spectra are illustrated in Fig.  2.9, revealing that in the lower path the phase of upper 

sideband signals is shifted by 180 degree, with no phase change for the lower sideband 

signals. The sum of I and Q components shown in Fig.  2.9 forms the SSB modulation, 

with the upper sideband suppressed and lower sideband unchanged. For the practical 

implementation, the OHT can be realized by the fiber Bragg grating (FBG) [66][71-

72].   
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The scheme of OHT can be categorized into the phase shift approach, besides, the 

optical SSB can be obtained via selective filtering method, in other words, using an 

optical filter to suppress one sideband of DSB signals. However, it requires the optical 

filter to have a flat transmittance region and sharp cutoff frequency [73].  

For the field recovery via direct detection, an optical carrier is commonly 

implemented to obtain the beating term between the signal and the carrier, namely, the 

replica of the information-bearing signal. As such, one alternative method to generate 

SSB signals is inserting the optical carrier at one side of the modulated signals. Fig.  

2.10 shows three transmitter schemes to generate the carrier assisted SSB signals. For 

the first scheme shown in Fig.  2.10 (a), digitally generated SSB signals are fed into a 

coherent IQ modulator with the bias point above the null point, as such, the optical 

carrier is obtained and the CSPR can be varied via tuning the bias point. Some 

medium- to long-haul transmission systems using the transmitter scheme as shown in 

Fig.  2.10 (a) have been demonstrated, the transmission distance of C-band 112-Gb/s 

SSB signals was reported to be 960 km over SSMF [74]. For WDM systems, 800-Gb/s 

(8×100 Gb/s) SSB signals have been transmitted up to 320 km [75], and 5 × 240 Gb/s 

Fig.  2.9 SSB signal generation and the corresponding spectra using optical Hilbert 

transformer. 
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signal transmission over 80-km SSMF has been reported with the spectral efficiency 

of 5.25 bit/s/Hz [76]. However, the bandwidth of the digital to analog converter (DAC) 

is wasted by half due to the SSB modulation. The transmitter scheme shown in Fig.  

2.10(b) can fully take the advantage of the DAC bandwidth. The bias point of the IQ 

modulator is null point, and the carrier along with the information-bearing signals are 

digitally generated and then fed into the IQ modulator. Generally, the optical carrier 

power is much larger than the signal power. When both carrier and signals are 

generated using the DAC, the resolution of DAC is relatively sacrificed. Accordingly, 

the transmitter scheme shown in Fig.  2.10 (c) was proposed. The continuous wave 

(CW) from a second laser serves as the optical carrier, and there exists a frequency 

shift of B/2 with respect to the wavelength of laser 1. An optical coupler can be 

implemented to combine information-bearing signals and the carrier from two paths. 

Fig.  2.10 Transmitter schemes for carrier assisted SSB signal generation with the corresponding 

spectra and bias points. DAC: digital to analog converter. PC: polarization controller. 
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A polarizer is utilized to guarantee the polarization state of signals and the carrier is 

coincident. Although neither the bandwidth nor the resolution of DAC is sacrificed, 

the implementation of one more laser is the limitation for cost-sensitive direct 

detection systems. One alternative solution to replace the extra laser is employing a 

frequency shifter [77], while it requires another modulator to shift the carrier frequency. 

Beyond the generation of SSB signal at the transmitter side, one state-of-the-art 

scheme is detecting one sideband of PAM signals at the receiver side [78]. In other 

words, the SSB signals are obtained via the bandwidth-limited PD. Since two 

sidebands of PAM signals are Hermitian symmetric, one missing sideband due to the 

limited bandwidth can be reconstructed via the residual sideband, which provides a 

novel direction of obtaining SSB signals.  

2.3. Receiver for optical transmission systems  

The key feature to distinguish direct and coherent detection is whether a local 

oscillator is implemented at the receiver. Conventionally, the direct detection is 

accompanied with intensity modulation, while coherent detection enables IQ 

modulation. In recent years, with the development of advanced DSP the capability of 

direct detection is increasing rapidly and becoming comparable to coherent detection. 

Before reviewing the up-to-date DSP techniques, it is highly desirable to elaborate the 

fundamentals of conventional direct and coherent detection.  

2.3.1. Direct detection 

Due to its simple and cost-effective structure, direct detection has been widely 

implemented in the short-reach transmission link [79-84]. The conventional and most 

basic receiver using direct detection consists of a PD and an analog to digital converter 

(ADC). The PD is an essential component to convert optical signals into electrical ones. 

To be specific, the PD senses the luminescent power falling upon it and converts the 

varying optical power into the corresponding electrical current, namely, detected 

photocurrent. As such, the PD follows square-law detection, and the direct detection 

intrinsically fits for the intensity modulation, which corresponds to the IMDD system. 

IMDD system has been widely employed in PON, where the receiver sensitivity is a 
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proper metric to determine how many users can be supported [85-89]. Accordingly, 

the origins of noise and the noise power are worthy of attention. 

Two types of dominating noises for the PD are shot and thermal noise. The shot 

noise is induced by the quantum properties of photons. Shot noise follows Poisson 

statistics, and hence shot noise is also called Poisson noise. The variance of the shot 

noise 𝜎𝑠
2 is shown in Eq. (2.16) 

 
2 2s qI f =   (2.16) 

where 𝐼 is the photocurrent, 𝑞 is the electric charge, which equals to 1.6×10-19 C, and 

∆𝑓 denotes the bandwidth [90]. The thermal noise, also known as Johnson or Nyquist 

noise, generates from the agitation of mobile carriers in resistive electrical materials. 

The thermal noise exists even when no external electrical power source is applied, 

since the thermal agitation of carriers happens at finite temperatures. Different from 

the shot noise, thermal noise is demonstrated to possess a flat power spectral density 

over a THz-magnitude frequency region, which is regarded to be white. As such, the 

thermal noise follows Gaussian statistics. Eq. (2.17) presents the variance of the 

thermal noise 𝜎𝑡ℎ
2  
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where 𝑘𝐵 denotes the Boltzmann constant, which equals to 1.38×10-23 J/K, 𝑇 is the 

temperature, and 𝑅𝐿 denotes the load resistor [90]. The noise figure, defined as at the 

standard noise temperature the ratio of output noise power to the thermal noise power 

at the input termination, is therefore related to the thermal noise, and the noise figure 

is presented hereafter.  

Two main types of PDs are PIN and avalanche photodiode (APD) [91]. The 

structure of a PIN is simple, and it is essentially a p-n junction diode with the reverse 

bias. The receiver sensitivity of the PIN, however, is poor due to the limited output 

photocurrent, and hence a transimpedance amplifier (TIA) is generally integrated with 



28 

 

the PIN to enhance the photocurrent. To identify the noise power impacts, the signal-

to-noise ratio (SNR) of a PIN is given by  
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where 𝑅 is the responsivity of the PD,  𝑃𝑖𝑛 denotes the input power, 𝐹𝑛 is the amplifier 

noise factor. Since the thermal noise is commonly the dominating noise for the PIN, 

the SNR expression can be approximated shown in Eq. (2.18). For the APD, it is also 

a reverse-biased p-n junction diode, while compared with the PIN, APD possesses the 

internal current gain 𝑅, leading to the better receiver sensitivity. The SNR of the APD 

is given by 
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where 𝑀𝑥 is the excess noise factor and x denotes the coefficient which depends on 

the structure and material. The receiver sensitivity of APD is generally limited by the 

shot noise rather than the thermal noise, the corresponding approximation is presented 

in Eq. (2.19) [92]. 

2.3.2. Coherent detection 

Distinguish from the direct detection, the coherent receiver is capable of the phase 

recovery, and hence not only supports M-ary phase-shift keying and QAM modulation, 

Fig.  2.11 A basic coherent receiver structure. PC: polarization controller. 
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but also enables the compensation of various linear impairments including the group-

velocity dispersion (GVD) and PMD [8]. Compared with the direct detection, the 

structure of a coherent receiver is complicated partially due to the implementation of 

the local oscillator (LO). A basic coherent receiver structure is depicted in Fig.  2.11, 

where the electric field of the transmitted signal and LO are denoted by 𝐸𝑠(𝑡) and 

𝐸𝐿𝑂(𝑡) , respectively. With the notation of the corresponding amplitude, angular 

frequency, and phase of the signals and LO, 𝐴𝑠(𝑡), 𝜔𝑠, 𝜃𝑠, and 𝐴𝐿𝑂(𝑡), 𝜔𝐿𝑂, 𝜃𝐿𝑂, the 

electrical fields can be expressed as  
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For the simplicity, the power of signal 𝑃𝑠 and LO 𝑃𝐿𝑂 is written as 
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With the aid of a polarization controller (PC), the state of polarization of transmitted 

signals are in line with that of LO. After a 3-dB optical coupler, without considering 

the insertion loss, two electric fields 𝐸1 and 𝐸2 fed into the PDs are given by 
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As such, the photocurrents 𝐼1 and 𝐼2 given by two PDs can be expressed as  
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where R is the responsivity, and 𝜔𝐼𝐹 = 𝜔𝑠 − 𝜔𝐿𝑂. Two PDs shown in Fig.  2.11 work 

as a balanced PD (BPD), and the output photocurrent of such a balanced PD is given 

by 
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For the heterodyne detection, |𝜔𝐼𝐹| ≫ 2𝜋/𝑇 where 𝑇 denotes the symbol duration, 

namely, 𝜔𝐼𝐹 needs to be much larger than the modulation bandwidth of the signal. To 

detect single-polarized IQ modulated signals, the heterodyne detection using one BPD 

as shown in Fig.  2.11 is sufficient, however, it requires the receiver bandwidth to be 

larger than 𝜔𝐼𝐹 plus modulated signal bandwidth, which is at least twice of modulated 

signal bandwidth. For the homodyne detection, 𝜔𝐼𝐹 = 0, and one BPD is not capable 

to recover the full field of IQ modulated signals. Another LO path with 90o phase shift 

is needed for the phase-diversity homodyne receiver as shown in Fig.  2.12. 

The 90o optical hybrid has two inputs and four outputs, and the four outputs can be 

expressed as 
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Two photocurrents 𝐼𝐼 and 𝐼𝑄 detected by a pair of BPD are given by 

Fig.  2.12 Structure of a phase-diversity homodyne receiver using a 90-degree optical hybrid. 
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As such, signals can be reconstructed via 

 ( ) ( ) ( )I QI t I t jI t= +  (2.27) 

The phase noise shown in Eq. (2.26) can be estimated and compensated using 

various DSP techniques, correspondingly, both in-phase and quadrature components 

of the optical field are extracted. It is also worth noting that the conceptual diagram 

shown in Fig.  2.12 can be updated for detecting dual-polarization signals. One key 

merit of the homodyne over heterodyne receiver is that homodyne receiver can relax 

the required bandwidth of the electronics circuits by one half [8][ 93 ]. The 

corresponding cost is that the frequency of LO needs to strictly track the frequency 

shift of the laser at the transmitter [94], plus the number of required PDs is doubled.  

2.4. Self-coherent system 

The utilization of LO at the receiver enables coherent detection to extract the full 

field of signals, and hence elongate the transmission distance with the aid of DSP. 

However, the LO with the narrow linewidth at the receiver not only increases the 

overall system cost, but also introduces the carrier phase and state of polarization 

alignment issues. To deal with these two issues and relax the requirement of hardware, 

the LO is waived and the CW tone analogous to the LO is generated at the transmitter 

side, corresponding to the self-coherent system [95-96]. The advantages of such self-

coherent system are twofold: first, one laser serving as the LO in conventional coherent 

detection is saved, and second, co-polarized CW can be simply generated at the 

transmitter. 

Correspondingly, the CW is generated using the same laser as the modulated 

signals, and the CW, namely, the carrier is denoted by 𝐶, and 𝑆 presents the modulated 

signal field. In this way, the phase mismatch between the carrier and signals which 

exists in the conventional coherent systems is avoided. At the receiver of such a self-
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coherent scheme, after square-law detection of a single-ended PD, the detected 

photocurrent 𝐼 is given by 
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where the responsivity of the single-ended PD is assumed to be 1 for simplicity, Re[] 

represents the real part of a complex value, and superscript * stands for the conjugation 

function. The first term of the right-hand side of Eq. (2.28) is the DC term, which can 

be simply removed, the second term is SSBI which is the second-order distortion. The 

SSBI distortion extensively exists in self-coherent systems, as such, the 

accommodation and mitigation of SSBI is a significant focus in this thesis. The last 

term 2𝑅𝑒[𝐶∗𝑆] is the linear replica of modulated signals, which is the desired term to 

recover the optical field of signals. 

To investigate the capacity or the data rate 𝑅 of self-coherent systems, Shannon’s 

formula is introduced [97] 
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where 𝛼 denotes the coefficient due to the polarization multiplexing, and 𝛼 equals to 

2 for polarization-division multiplexed signals, for other schemes 𝛼 is not larger than 

1. B is the required bandwidth of ADC, and the expression of SNR can be further 

derived as shown in Eq. (2.29), where 𝐵𝑟𝑒𝑓 commonly equals to 12.5 GHz, which is 

the OSNR reference bandwidth. 𝛽1 is the coefficient of signal power, which equals to 

2 for single-polarization signals, and equals to 1 for dual-polarization signals. 𝛽2 is the 

factor related to noise mitigation scheme [97-98]. It can be noted that for a certain 

OSNR, a large CSPR would reduce the data rate, in other words, the high CSPR is a 

limitation for the high-capacity systems. Besides, the bandwidth of frequency gap, 

namely, the bandwidth of the guard band between the carrier and the information-

bearing signal is another factor to affect the required receiver bandwidth. 



33 

 

Correspondingly, SSBI mitigation at low CSPRs with low requirement of receiver 

bandwidth is the pursuit of this thesis. 

2.5. Techniques of SSBI mitigation 

The continuous growth of data center applications drives the investigation of 

short-reach transmission systems [ 99 - 101 ]. In the recent years, the fiber-optic 

transmission system is regarded as a promising solution for the inter- or intra-data 

center interconnects, which are generally up to several hundreds of kilometers 

transmission. In fact, fiber-optic transmission links using direct detection have already 

been widely employed for such price-sensitive application scenarios. Compared with 

conventional coherent receiver, the simple structure and cost-effectiveness of the 

direct detection enables it to be the choice for short-reach links [102-105]. The direct 

detection was initially proposed to detect the amplitude of the modulated signals, and 

hence intrinsically fits for the intensity modulation [106-108]. Despite the fact that 

IMDD system is one of the choices for the short-reach transports, to keep up with the 

capacity of the next-generation high-speed requirements, intensity modulation has the 

limitation of one modulation dimension and hence it hinders IMDD system to upgrade 

the capacity. Furthermore, the transmission distance is commonly up to tens of 

kilometers for IMDD systems, as the optical field cannot be extracted from the 

intensity-only direct detection and CD impairments are not resilient to be compensated. 

As such, self-coherent schemes which are capable of recovering the optical field was 

extensively studied in the recent decade. As shown in Eq. (2.28), SSBI is inherently 

involved in the detected photocurrent, and this section will thoroughly introduce 

various proposed SSBI accommodation and mitigation algorithms. 

In terms of modulation formats, the field recovery via direct detection can be 

categorized into SSB and DSB. However, SSBI distortions commonly exist for both 

SSB and DSB signals. To deal with second-order distortions for SSB based direct 

detection, SSBI can be accommodated or mitigated using a frequency gap [109-110], 

and the corresponding spectra are shown in Fig.  2.13 (a) (b). Besides, one extra optical 
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path, or one extra polarization along with the DSP techniques can serve as a solution 

to deal with SSBI.  

For the SSB signal direct detection scheme, one effective approach is inserting the 

guard band between the carrier and modulated signals to accommodate SSBI. OFDM 

signals are chosen to present the spectrum of SSBI. As shown in Fig.  2.13 (a), for the 

OFDM signals with N subcarriers, half of the subcarriers are loaded with information 

and the other half are unfilled. As such, the modulated signals are in the frequency 

region of [𝜔𝑁/2, 𝜔𝑁], while the bandwidth of guard band is same as the bandwidth of 

modulated signals, corresponding to [0, 𝜔𝑁/2]. In this way, the modulated signals 𝑆 

can be written as  

Fig.  2.13 Spectra of SSB signal with (a) guard band (b) interleaved loading (c) no frequency gap 

before and after direct detection.  
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where 𝜔𝑖  and 𝜔𝑐  denote the frequencies of the i-th subcarrier and optical carrier, 

respectively. Consequently, the photocurrent detected by the single-ended PD shown 

in Eq. (2.28) can be further expressed as 
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The second term at the right-hand side of the Eq. (2.31) is SSBI. It can be seen that 

SSBI occupies the frequency region of [−𝜔𝑁/2, 𝜔𝑁/2], and the replica of information-

bearing signals are the third and fourth term of the Eq. (2.31). Correspondingly, the 

modulated signals and SSBI are separated in the frequency domain. The bandwidth of 

the guard band is needed to be the same as information-bearing signal bandwidth to 

sufficiently accommodate SSBI. Namely, to detect the information-bearing signal with 

the bandwidth of B, it requires the receiver bandwidth to be 2B. Furthermore, 

considering SSBI is more severe at low frequency region rather than the high 

frequency counterpart as depicted in Fig.  2.13 (a), some compromise can be made to 

enhance the spectral efficiency, for example, the bandwidth of guard band is 2/3 of the 

information-bearing signal bandwidth to accommodate most of the SSBI distortions 

[111]. Similarly, the wide guard band can be divided into each subcarrier of the OFDM 

signals. As depicted in Fig.  2.13(b), for OFDM signals only odd-numbered subcarriers 

are loaded and even-number subcarriers are null, such OFDM signals can be expressed 

as ∑ 𝐸2𝑖+1exp [𝑖(𝜔2𝑖+1 + 𝜔𝑐)𝑡]𝑁
𝑖=0 . The photocurrent 𝐼 shown in Eq. (2.28) is given 

by 
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Different from the SSBI presented in Eq. (2.31), SSBI for the interleaved OFDM 

signals are located in the even-numbered subcarriers, and hence information-bearing 

signals are free from SSBI distortions. The interleaved loading approach possesses the 

same spectral efficiency as the guard band approach, and both of these two approaches 
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sacrifice the spectral efficiency to accommodate SSBI. Besides, the interleaved 

scheme was demonstrated to tolerate more nonlinear effects than the scheme shown in 

Fig.  2.13 (a), and this phenomenon was attributed to the large subcarrier spacing 

induced suppression of four wave mixing (FWM) [21].  

To enhance the spectral efficiency, SSBI accommodation which sacrifices receiver 

bandwidth can be updated to SSBI mitigation with no guard band or interleaved 

loading. As depicted in Fig. 2.13 (c), the frequency gap between the carrier and 

modulated signals is negligible, and SSBI contamination is overlapped with signals in 

the frequency domain. As such, two methods to recover the signals are (i) enhancing 

linear replica of signals, (ii) removing SSBI distortions from signals. For the first 

method, the CSPR needs to be sufficiently high to weaken distortions, in other words, 

using a strong carrier 𝐶 to enhance the last term of Eq. (2.28), as such, the second term 

of Eq. (2.28) SSBI is not comparable to the desired term. The required CSPR is 15 dB 

in the demonstration of OFDM signal direct detection [112]. For the second method 

which is estimation and mitigation of SSBI, the requirement of high CSPR can be 

correspondingly alleviated. Several promising algorithms were proposed to deal with 

SSBI impacts. One simple scheme is the single-stage linearization as depicted in Fig.  

2.14. Since the detected signals are DSB due to the square-law detection, one sideband 

filter is implemented to shape received DSB into SSB signals. One path of the 

corresponding DSP flow chart is scaled SSB signals are fed into the square-law 

function to reconstruct SSBI, and then subtracted from the shaped signals. To be 

specific, the corresponding formulas are given as follows, and the signals after the 

filter are denoted as 𝐸𝐹 

 
2

[ ]F s sE E L E= +  (2.33) 

Fig.  2.14 DSP flow chart for the single-stage linearization. 
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where 𝐸𝑠 represents the modulated signals, and 𝐿[∙] is the sideband filter function. The 

output signal 𝐸𝑜𝑢𝑡 after the subtraction shown in Fig.  2.14 can be expressed as 
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 (2.34) 

where 𝜂 is the scaling factor shown in Fig.  2.14. The first term on the right-hand side 

of Eq. (2.34) is the desired term, the second and third terms are SSBI. One sideband 

of SSBI can be mitigated via tuning the scaling factor η. The rest terms are high-order 

distortions, which are believed to be relatively small. Based on single-stage 

linearization, two-stage linearization scheme [113] was proposed to deal with the 

signal-SSBI beating term (e.g., the fourth term on the right-hand side of Eq. (2.34)). 

Furthermore, the estimation and subtraction of SSBI can be employed several times to 

enhance the accuracy, as such, the iterative linearization scheme was proposed. It is 

worth mentioning that symbol decisions are not made in the above discussed methods. 

Beyond the above-mentioned DSP, SSBI can also be mitigated optically. One 

novel approach is taking the advantage of polarization, and the corresponding 

transmitter structure is illustrated in Fig.  2.15 [114], where the dotted box presents a 

DP-IQMZM, and PCs are not shown for the concise illustration. The SSBI mitigation 

is conducted optically at the transmitter side. Specifically, the information-bearing 

Fig.  2.15 Transmitter structure of optical SSBI mitigation scheme. 
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signals and carrier are loaded on x polarization, denoted as 𝐸𝑥,𝑠𝑖𝑔 and 𝐸𝑥,𝑐, respectively. 

The field of x and y polarization represented by 𝐸𝑥 and 𝐸𝑦 are given by 
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 (2.35) 

The photocurrent can be expressed as 
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 (2.36) 

As shown in Eq. (2.36), the components in the detected photocurrent are the replica of 

information-bearing signals and two DC terms |𝐸𝑥,𝑐|
2
, |𝐸𝑦,𝑐|

2
. It can be found that the 

SSBI term is mitigated with the aid of well-designed y-pol signals while being fed into 

a single-ended PD.  

Besides the mitigation scheme at the transmitter, SSBI can be cancelled optically 

at the receiver side [115-116]. The receiver structure is depicted in Fig.  2.16, with 

corresponding spectra presented. Transmitted signals are information-bearing SSB 

signals along with the carrier. One 3-dB optical coupler provides two paths, with one 

path fed into a single-ended PD (e.g., illustrated as PD1 in Fig.  2.16), and another path 

Fig.  2.16 Optical SSBI mitigation at the receiver. 



39 

 

fed into a filter to suppress the carrier, and then detected by PD2. The filter can be 

realized by a micro ring resonator (MRR) with the frequency response notch designed 

at the carrier frequency to sufficiently suppress SSBI.  

Beyond the SSB modulation, the investigation of DSB signal field recovery via 

direct detection has attracted extensive research interests in the recent years. Block-

wise phase shift direct detection has been proposed and the transmission of 40-Gb/s 

OFDM signal transmission over 80-km SSMF was demonstrated [117-119]. The main 

idea of the block-wise phase switching scheme is separating the carrier and signals at 

the transmitter, as such, the transmitter for the block-wise phase switching scheme 

consists of two paths as depicted in Fig.  2.17.  

The corresponding data sequence in the time domain is shown in Fig.  2.18. For the 

data sequence shown in Fig.  2.18 (a), the data on path 1 is modulated DSB signals fed 

into the IQ modulator, and the data on path 2 is carrier with phase shift enabled by a 

phase shifter. The photocurrents of two time-domain blocks T1 and T2 can be given by 
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 (2.37) 

The combination of 𝐼1 and 𝐼2 contains the replica of modulated signals as follows 
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Fig.  2.17 Transmitter structure for block-wise phase switching scheme. 
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where the second term is the reconstructed signal, and the third term is SSBI for block-

wise phase switching scheme. The SSBI impacts can be either relatively weakened via 

a large CSPR or mitigated using the iterative cancellation scheme [120]. Analogous to 

the data sequence shown in Fig.  2.18 (a), the phase shift can be employed on path 1 

modulated signals as presented in Fig.  2.18 (b). Fig.  2.18 (c) displayed another 

alternative phase shift scheme which is employed to one sideband of DSB signals. For 

example, the upper sideband in block T2 stays the same as in block T1, and the lower 

sideband is shifted by 180 degree, which constructs 𝑆1𝑈 − 𝑆1𝐿 . As such, the 

photocurrents for two consecutive time blocks can be expressed as 
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The upper and lower sideband signals can be recovered via 𝐼3 and 𝐼4 as follows 
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Fig.  2.18 Three approaches of data sequence for block-wise phase switching scheme. 



41 

 

Besides the desired term and DC term, the rest SSBI term still exists. Correspondingly, 

the signal-carrier interleaved direct detection was proposed to cancel SSBI via 

balanced PDs [121-122] as depicted in Fig. 2.19. The corresponding data sequence is 

signals and carrier separated in the time domain, as given in Fig. 2.20. The length of 

optical delay is designed to be one block of either signals or carrier, and hence signals 

and the carrier are separated into two paths. For the data sequence shown in Fig.  2.20 

(a), the DSB signals can be recovered either from block T1 or T2, such time-domain 

redundancy results in the 50% sacrifice of electrical spectral efficiency. The second 

approach shown in Fig.  2.20 (b) was proposed to increase the spectral efficiency. Two 

blocks of signals 𝑆1 and 𝑆2 are recovered from the time block T1 and T3, respectively, 

Fig.  2.20 Two approaches of data sequence for signal-carrier interleaved direct detection 

scheme. 

Fig.  2.19 Receiver structure for signal-carrier interleaved direct detection scheme. 
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with the redundancy of the time block T2 which contains SSBI. Compared with the 

data sequence shown in Fig.  2.20 (a), this approach sacrifices only 1/3 of the electrical 

spectral efficiency [66]. With no redundancy of time or waste of spectral efficiency, 

the most up to date DSB signal field recovery via direct detection schemes will be 

discussed in Chapter 4.      
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 Field recovery of SSB signal via 

direct detection 

3.1. Introduction 

Due to the simple structure, IMDD system has been widely implemented in the 

short-reach transports. Intensity-modulated signals, however, are DSB signals and CD 

incurs the power fading issues on DSB signals. As such, CD limits the transmission 

distance and data rate of IMDD systems. To deal with the CD impacts and elongate 

the transmission distance, one promising solution is reconstructing the optical field at 

the receiver to digitally compensate CD. As discussed in Chapter 2, the inevitable 

distortion in direct detection is the beating term between signals, namely, SSBI. To 

enhance the optical spectral efficiency, the approaches using frequency gap to 

accommodate SSBI are not desirable. As such, this chapter concentrates on the direct 

detection schemes of SSB signals with high optical spectral efficiency, in other words, 

the carrier is inserted at the edge of information-bearing signals in the frequency 

domain. 

In the recent years, KK relations have been revived in fiber-optic systems. The KK 

relations were initially investigated for analog radio systems [123] and then applied in 

optical communications recently [22]. Since KK relations can recover the phase of 

signals via the detected photocurrent obtained by a single-ended PD, which contributes 

to a simple structure. Accordingly, such receiver scheme using KK relations, namely, 

KK receiver has attracted extensive research interests. Theoretical derivations along 

with simulations of KK receiver for IQ and PAM signals were presented in [16] and 

[124], respectively. The experimental demonstration of 218-Gb/s single-wavelength, 

single-polarization transmission over 125-km SMF using KK receiver was conducted 

in [125], where the modulation format was OFDM. As the SNR is relatively low in the 

vicinity of the carrier, QPSK signals are loaded in the low-SNR region and high-order 

QAM16 signals are loaded in the high-frequency region. WDM systems using KK 

receiver have been carried out to increase the system capacity with the direct detection 

based simple structure [126-128]. Beyond the single polarization, dual-polarization 
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KK receiver has been proposed and demonstrated [129-131]. Besides KK receiver, 

another alternative solution of optical field recovery via direct detection is SSBI 

iterative cancellation. Distinguish from the linearization schemes discussed in Section 

2.5, symbol decisions are made for the SSBI iterative cancellation scheme as 

elaborated in this chapter, and the detailed working principle will be presented in the 

following sections. 

3.2. KK vs. SSBI iterative cancellation receiver scheme 

3.2.1. Principle of KK receiver 

The core of the KK receiver is utilizing the detected intensity to reconstruct the 

phase of SSB signals, which requires the signals to be minimum phase, namely, KK 

receiver relies on the minimum phase condition. Accordingly, it is desirable to 

introduce the minimum phase signals and KK relations.  

First, to demonstrate that real and imaginary parts of SSB signals satisfy the KK 

relation, SSB signal is denoted as 𝑢(𝑡), and 𝑢(𝑡) = 𝑢𝑟(𝑡) + 𝑗𝑢𝑖(𝑡), where 𝑢𝑟(𝑡) and 

𝑢𝑖(𝑡) are the real and imaginary parts of the SSB signal 𝑢(𝑡), respectively. Via Fourier 

transform the SSB signal in the frequency domain is represented as �̃�(𝜔),  
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where 𝑠𝑖𝑔𝑛(𝜔) is the sign function. As 𝑢(𝑡) is SSB, �̃�(𝜔 < 0) = 0. Given the fact 

that the Fourier transform pair of sign function is −𝑗/(𝜋𝑡) , the inverse Fourier 

transform of Eq. (3.1) can be given by 
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The equation of 𝑢(𝑡) = 𝑢𝑟(𝑡) + 𝑗𝑢𝑖(𝑡) can be substituted into Eq. (3.3), and it can be 

found the real and imaginary parts follow the KK relation as follows 
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The above discussion essentially demonstrates that the relations between real and 

imaginary parts of the SSB signals. In practice, for KK receiver one carrier is inserted 

at zero frequency and the carrier propagates along with the SSB signal. As such, the 

second step is taking both carrier and SSB signals into consideration, and investigating 

the relations between the detected photocurrent and the corresponding phase. The 

carrier is emulated by the constant ‘1’, and the information-bearing signal along with 

the carrier are denoted as  1 + 𝑢(𝑡). The real and imaginary parts of 1 + 𝑢(𝑡) are 

defined as |1 + 𝑢(𝑡)| and 𝜑(𝑡), respectively. The logarithm of 1 + 𝑢(𝑡) is defined as 

𝑈(𝑡), and it follows 

 ( ) ln[1 ( )] ln 1 ( ) ( )U t u t u t j t= + = + +  (3.5) 

As verified previously, when 𝑈(𝑡)  is SSB 𝑙𝑛|1 + 𝑢(𝑡)|  and 𝜑(𝑡)  satisfy the KK 

relation. According to Taylor’s expansion, with the condition of 𝑢(𝑡) < 1 Eq. (3.5) 

can be represented as  
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As 𝑢(𝑡) is SSB, the expansion shown in Eq. (3.6) indicates that 𝑈(𝑡) is SSB. 

Therefore, the real and imaginary parts of 𝑈(𝑡) follow the KK relations, which can be 

given by 
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To fit for the optical communication system, 𝐸𝑠(𝑡) and 𝐸0 are utilized to denote the 

information-bearing SSB signal and carrier, respectively. Since the carrier 𝐸0  is a 

positive constant, Eq. (3.7) can be rewritten as 
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where |𝐸0 + 𝐸𝑆(𝑡)|2 can be obtained from the detected photocurrent. Hence, the field 

recovery of SSB signals is achieved via KK relations. 

It is worth noting that the above derivations are subject to two conditions, signals 

are required to be SSB and the carrier power should be stronger than that of 

information-bearing signal power, namely, the minimum phase condition should be 

satisfied for KK receiver.  

3.2.2. Principle of SSBI iterative cancellation 

For the SSBI iterative cancellation, a strong carrier is also required. Followed with 

the notations in Section 3.2.1, without considering the impairments in the channel the 

photocurrent detected by a single-ended PD in the time domain can be given by 
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The first term of DC can be removed simply, and with the SSBI distortions, 

preliminary symbol decisions are made. To obtain the relatively accurate symbol 

decisions, it requires the desired term to combat the second-order distortions. For 

OFDM signals, preliminary symbol decisions denoted by 𝐷0(𝑓)  are made in the 

frequency domain. To eliminate the SSBI shown in Eq. (3.9) in the time domain IFFT 

is implemented to estimate SSBI 

 
2

0 0( ) [ ( )]SSBI t IFFT D f=  (3.10) 

where the subscript 0 indicates the preliminary process, and for the iterations shown 

as follows the iteration number is represented by i. With the estimated SSBI, the 

updated symbol decisions are made via the equation of 𝐹𝐹𝑇[𝐼(𝑡) − 𝑆𝑆𝐵𝐼𝑖(𝑡)]. The 
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iterations are conducted with 𝑖 = 𝑖 + 1. After several iterations of SSBI mitigation, the 

system performance converges, indicating that SSBI has been effectively eliminated.  

Similar to KK receiver, this SSBI iterative cancellation scheme is applied for SSB 

signals. Besides, though the minimum phase condition does not exist, SSBI iterative 

cancellation relies on the feedback of symbol decisions to reconstruct second-order 

distortions, and hence to avoid the error propagation issue it requires a high CSPR to 

obtain relatively accurate preliminary symbol decisions. 

3.3. Investigation of modulation formats: single- or multi-

carrier modulation? 

As discussed in Section 3.2, OFDM signals are taken as the example to elaborate 

the working principle of SSBI iterative cancellation scheme. In practice, single-carrier 

signals can also be applied for this scheme. In various demonstrations of KK receiver, 

both single- and multi-carrier modulated signals are applied. Accordingly, it is 

desirable to analyse which modulation format (e.g., either single- or multi-carrier 

modulation) fits better for the KK and SSBI iterative cancellation receiver. 

To investigate the system performance of KK and IC receiver with single-carrier 

and OFDM modulation format, the simulation of 25Gbaud QAM16 signal 

transmission over 1000-km SSMF is carried out. For both single-carrier and OFDM 

signals, the pseudo-random binary sequence (PRBS) with the length of 215-1 is 

generated and repeated 10 times in order to obtain reasonable statistics. Single-carrier 

QAM16 signals are digitally generated with the roll-off factor of 0. For OFDM signals, 

512 out of 2048 subcarriers are loaded with data and one subcarrier can be used as a 

carrier. For single-carrier signals, the carrier is inserted at one edge of the information-

bearing signals in the frequency domain, with the frequency gap of 0.39 GHz, which 

is the same as the bandwidth of guard band applied for OFDM signals. In practice, the 

inserted carrier with the offset frequency can be implemented using an intensity 

modulator. The information-bearing signals and carrier are combined via an optical 

coupler, and the various CSPRs are obtained by tuning the carrier power. Signals along 

with the carrier are transmitted over 1000-km SSMF, and the CD parameter is set to 
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be 17 ps/(nm×km). It is worth noting that to focus on the CD impacts, fiber losses are 

neglected, and no optical filters are utilized in the transmission link. As optical filters 

are power-hungry devices, and the laser wavelength drift induced by the temperature 

change needs to be deliberately avoided once optical filters were implemented. After 

transmission over the fiber, signals are fed into the single-ended PD, which is emulated 

by a square-law detector. At the receiver, the sample rate is 100 Gsample/s, 

corresponding to the oversample rate of 4, Although the KK receiver requires the high 

sample rate due to the logarithm operation, the oversample rate of 4 is generally 

sufficient. For KK and IC receiver with either single-carrier or OFDM modulation 

formats, the corresponding DSP flow chart is depicted in Fig.  3.1. 

Due to the square-law detection, the received signals are DSB. For the KK receiver, 

after implementing the KK relation one sideband is suppressed and the data is 

Fig.  3.1 DSP flow chart for (a) single carrier using KK receiver, (b) OFDM using KK 

receiver, (c) single carrier using IC receiver, and (d) OFDM using IC receiver. 
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recovered from the remained sideband. Given that CD compensation is conducted in 

the frequency domain, FFT is utilized to transform signals to the frequency domain as 

shown in Fig.  3.1(a) and (b). For the single-carrier modulation, symbol decisions are 

made in the time domain which requires the IFFT operation as presented in Fig.  3.1(a). 

Finally, BER calculations are conducted. For the IC receiver, a digital SSB filter is 

employed to truncate one sideband of received DSB signals. To make preliminary 

symbol decisions, a pair of FFT and IFFT along with the CD compensation is utilized 

for single-carrier modulation. In the iteration of SSBI cancellation, the CD impacts are 

required to be reloaded to emulate CD distorted signals, and reconstruct CD distorted 

SSBI. The reconstructed SSBI is removed from received signals, and then sent to the 

decision processing to obtain updated symbol decisions and BERs as shown in Fig.  

3.1(c). For the OFDM signal using IC receiver, the corresponding DSP flow chart is 

depicted in Fig.  3.1(d). At the output of the iteration loop, updated BER is obtained, 

which can be used as a metric of whether the system performance converges and the 

termination of iterative cancellation. 

Fig.  3.2 System performance of KK receiver with single-carrier and OFDM 

modulation formats at btb. 
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Fig. 3.2 presents the system of KK receiver for the btb condition. At low CSPRs 

(e.g., 6 dB), the minimum phase condition is not fully satisfied, and the error floors 

can be observed in Fig.  3.2 regardless of the modulation format. With the CSPR of 6 

dB, the error floors of single-carrier and OFDM signals are around 1.7×10-4 and 

2.6×10-3, respectively. At the level of 7% HD-FEC (4×10-3) with the CSPR of 6 dB, 

the OSNR sensitivity is 26.4 dB and 30 dB for single-carrier and OFDM signals, 

respectively. As the CSPR increases, the performance difference of two modulation 

formats decreases. When the CSPR increases from 8 dB to 10 dB, the OSNR 

sensitivity difference of two modulation formats decreases from 0.9 dB to 0.1 dB. At 

high CSPRs like 12 dB, the performance of single carrier and OFDM signals is 

generally the same. 

To identify the optimal CSPR at various OSNRs, Fig.  3.3 presents the BER versus 

CSPR for the KK receiver. At high OSNRs, for example 32 dB, the optimal CSPR is 

found to be 8 dB and 10 dB for single-carrier and OFDM signals, respectively. Besides, 

the 8-dB CSPR enables KK receiver with single-carrier modulation superior 

performance to that of OFDM counterpart with 10-dB CSPR, which indicates that for 

the btb condition single-carrier modulation requires a lower CSPR than that of OFDM 

Fig.  3.3 BER performance as a function of CSPR for KK receiver at btb for (a) single-carrier and 

(b) OFDM signals. 
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signals without the sacrifice of BER performance. As the OSNR decreases, the optimal 

CSPRs for both single-carrier and OFDM signals decrease correspondingly, and the 

performance of single-carrier and OFDM signals tends to be similar. The reason of 

single-carrier modulation better fits for KK than OFDM is attributed to the PAPR. As 

the field reconstruction of KK receiver relies on the minimum phase condition, which 

requires that the time trajectory of signals in the complex plane does not encircle the 

origin, signals with high PAPR are more likely to violate the minimum phase condition. 

To study the PAPR impacts, the PAPR as a function of transmission distance is 

presented in Fig.  3.4. At btb, the PAPR of OFDM signals is evidently much larger 

than that of single-carrier signals due to the nature of multi carriers. As the 

transmission distance increases, the PAPR tends to be dominated by the CD impacts 

rather than the characteristics of either single- or multi-carrier modulation formats, and 

hence after transmission over 1000-km SSMF the PAPRs of both single-carrier and 

OFDM signals converge to around 10 dB. This PAPR variation trend shown in Fig.  

3.4 generally agrees with the statistical PAPR distribution over the fiber [132].  

To verify the PAPR impacts on KK receiver after transmission, the transmission 

performance is depicted in Fig.  3.5. After 40-km transmission, it can be seen from Fig.  

3.4 that the PAPR of OFDM signals is still higher than that of single-carrier signals, 

and Fig.  3.5 (a) shows that at various OSNRs the system performance of single-carrier 

signals is better than OFDM signals. When the PAPR is almost the same after 1000-

km transmission, the BER curves of two modulation formats are overlapped as shown 

in Fig.  3.5 (b). This phenomenon reveals that the intrinsic high PAPR of OFDM 

Fig.  3.4 PAPR of OFDM and single-carrier signals versus the transmission distance. 
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signals is detrimental to the KK receiver. Accordingly, compared with OFDM, single-

carrier modulation is appropriate for the KK receiver based short-reach applications. 

For the IC receiver, since the SSBI mitigation relies on the iterative cancellation, 

four iterations are employed, and the BER performance of both OFDM and single-

carrier signals is presented in Fig.  3.6. At the low CSPR such as 6 dB, the error floor 

is observed starting from the OSNR of 28 dB. That is because at low CSPRs, the 

preliminary symbol decisions are not accurate, leading to the reconstructed SSBI with 

errors, and hence the SSBI is not effectively mitigated. When the OSNR is low, such 

error propagation issue is not prominent, while at high OSNRs, the dominant limitation 

in the system is SSBI rather than the optical noise. As such, increasing the OSNR does 

not bring in more improvement, namely, the error floor at low CSPRs indicates that 

IC receiver also requires a strong carrier to enable relatively accurate symbol decisions. 

Fig.  3.5 System performance of KK receiver using single-carrier and OFDM signals after (a) 

40- and (b) 1000-km transmission. 



53 

 

As the CSPRs increase, no error floors are observed in Fig.  3.6, which indicates that 

IC receiver works properly. For the 8-dB CSPR case, OFDM signals evidently 

outperforms single-carrier signals. When the CSPR increases to 14 dB, the 

performance of two modulation formats tends to be the same.  

For the optimal CSPR of 8 dB for the IC receiver, the BER performance as a 

function of iteration number is presented in Fig.  3.7. For single-carrier signals, at 

various OSNRs, only first two iterations are effective in mitigating SSBI, the third and 

fourth iterations do not contribute to the improvement of the system performance. 

While for OFDM signals, the fourth iteration can still bring in some marginal 

improvement. As such, it can be concluded that the SSBI mitigation of IC receiver is 

more effective for OFDM signals than single-carrier signals. This phenomenon can be 

elaborated as follows. In the frequency domain, SSBI is more severe at low frequencies. 

As such, the low-frequency subcarriers of OFDM signals are more distorted than the 

high-frequency subcarriers. While for single-carrier signals, symbol decisions are 

made in the time domain, SSBI is also formed and spread in the time domain. 

Accordingly, the preliminary symbol decisions (e.g., iteration number equals to 0) of 

Fig.  3.6 System performance of IC receiver with single-carrier and OFDM modulation formats 

at btb. 
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single-carrier signals are more accurate than those of OFDM signals. Besides, the more 

effectiveness of iterative SSBI cancellation for OFDM than single-carrier signals is 

attributed to the correlation between estimated SSBI and symbol decisions. As symbol 

decisions of single-carrier signals and estimated SSBI are made and subtracted in the 

time domain, the high correlation between the symbol decisions and reconstructed 

SSBI involves error propagation in the iterations, and hence only two iterations are 

Fig.  3.7 System performance of IC receiver versus iteration number at btb. 

Fig.  3.8 BER as a function of CSPR for IC receiver at btb for (a) single-carrier and (b) OFDM.  
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effective in mitigating SSBI for single-carrier signals. On the other hand, the low 

correlation between OFDM symbol decisions and reconstructed SSBI enables the 

superior performance of the IC receiver using OFDM signals. 

The BER performance as a function of CSPR for the IC receiver is depicted in Fig.  

3.8 for the btb condition. Although the optimal CSPR is 9 dB for both single-carrier 

and OFDM signals at 32-dB OSNR, the BER of OFDM signals is much lower than 

that of single-carrier signals, which reveals that OFDM is the better fit for the IC 

receiver. 

 The transmission performance of IC receiver is presented in Fig.  3.9. For both 

40- and 1000-km transmission, OFDM signals evidently outperform single-carrier 

signals at high OSNRs due to the low correlation between reconstructed SSBI and 

Fig.  3.9 System performance of IC receiver using single-carrier and OFDM signals after (a) 40- 

and (b) 1000-km transmission. 
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OFDM symbol decisions made in the frequency domain. At low OSNRs, the dominant 

limitation in the system is the optical noise rather than the second-order distortions, 

and hence the performance of single-carrier and OFDM signals tends to be the same. 

To conclude, the single-carrier signal fits better for the KK receiver due to the 

inherent low PAPR of the single-carrier signal, while OFDM signal is the preferable 

modulation for the IC receiver. 

3.4. Chromatic dispersion impacts  

Among various impairs during the transmission over the fiber, dispersion is one 

of the major factors limiting the system capacity and transmission reach. The 

dispersion refers to the phenomenon that each spectral component of the signal travels 

at different velocities over the fiber and cannot reach the receiver at the same time. 

The dispersion includes modal dispersion, chromatic dispersion, and polarization 

mode dispersion. The modal dispersion refers to the fact that different modes travel 

with different velocities, which exists in the MMF [133-135]. For the SMF, chromatic 

dispersion is generally the main limitation of the transmission distance, and this section 

concentrates on the chromatic dispersion impacts on the direct detection schemes with 

field recovery.    

The chromatic dispersion involves the material and waveguide dispersion [136]. 

The material of the fiber core is the silica, whose refractive index varies according to 

the signal frequency. The waveguide dispersion is a function of fiber parameters 

including the normalized frequency and normalized propagation constant. Although 

the waveguide dispersion can be tuned by tailoring the waveguide structure, for the 

SSMF working in the C band, the chromatic dispersion is not negligible [137]. 

Due to the material and waveguide dispersion, signal components of different 

frequency travel at different velocities. The group velocity 𝑣𝑔 is defined as  
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where 𝛽 is the propagation constant, and 𝜔 denotes the frequency of the signal. For 

the fiber length of 𝐿 , the time delay is expressed as 𝐿/𝑣𝑔 . To express the pulse 

broadening ∆𝑇, source spectral width is denoted as ∆𝜔, and ∆𝑇 is given by 
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where 𝛽2 is the GVD coefficient. Eq. (3.12) expresses the extent of pulse broadening 

as a function of spectral width. To identify the relation between pulse broadening and 

the range of wavelength ∆𝜆, Eq. (3.12) can be derived as 
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where 𝐷 is the dispersion parameter, which is given by  
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The dispersion parameter 𝐷  is in the unit of ps/nm/km, which implies the pulse 

broadening extent is 1 ps when the signal with 1-nm bandwidth transmits over 1-km 

fiber. Followed with the expression of dispersion parameter 𝐷, the channel response 

𝐻(𝐿, 𝜔) induced by chromatic dispersion is expressed as 
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One choice of compensation of the chromatic dispersion shown in Eq. (3.15) is 

implementing the fiber with the opposite dispersion value, namely, the dispersion 

compensation fiber (DCF). However, the insertion loss and bending loss of the DCF 

are higher than those of the SSMF, which is not desirable for the short-reach 

applications. Another solution is the electronic dispersion compensation (EDC), which 
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refers to either time-domain or frequency-domain compensation. In [138], it has been 

reported that for high-capacity and long-reach application scenarios, frequency-

domain compensation is preferable. 

For the KK and IC receiver, as the optical field can be reconstructed, the 

transmission distance of the link using these receiver schemes is up to several spans of 

fiber, and hence the corresponding chromatic dispersion impacts are desirable to be 

studied. To demonstrate the chromatic dispersion impacts, the experiment of 80-Gb/s 

QPSK signal transmission over 160-km SSMF is conducted, and the experimental 

setup is depicted in Fig.  3.10. 

Both single-carrier and OFDM signals are analysed in the experimental 

demonstration. For single-carrier modulation, the digitally generated 40-Gbaud QPSK 

signals along with the carrier are fed into the DAC. For OFDM signals, the FFT size 

is 4096 and 2176 subcarriers are loaded with the data, which corresponds to the 42.5 

Gbaud raw data rate. The cyclic prefix (CP) is inserted with the ratio of 1/16, as such, 

the data rate is 40 Gbaud after removing the CP. The carrier amplitude is digitally 

tuned to obtain various CSPRs, ranging from 4 to 14 dB. The laser is an external cavity 

laser, with the wavelength of 1550 nm. The I and Q components of signals are fed into 

a pair of electrical amplifiers to fit for the MZM. As the MZM is biased at null point, 

an EDFA is implemented at the output of the MZM. Two loops of 40-km SSMF 

constitute the 80-km span, and two spans are employed in the link. At the receiver, a 

43-GHz PD is utilized, and the sampling rate of the ADC is 160 GSa/s, which generally 

satisfies the requirement of high oversample rate of KK receiver, otherwise the digital 

upsampling before conducting KK relations is a necessity. The DSP flow chart for 

Fig.  3.10 Experimental setup of KK and IC receiver. ECL: external cavity laser.  
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both single-carrier and OFDM signals generally follows the procedure shown in Fig.  

3.1. 

As IC receiver requires several iterations to mitigate SSBI, which definitely 

increases the system complexity, it is preferable to strike the balance between the 

required iteration number and the system performance. Fig.  3.11 depicts the Q-factor 

versus iteration number for both OFMD and single-carrier signals. When the CSPR is 

as low as 4 dB, SSBI is the major limitation of the performance, and after four 

iterations, the Q-factor is improved by 5.8 and 3.4 dB for OFDM and single-carrier 

signals, respectively. The corresponding constellations of the OFDM signals are 

shown in Fig.  3.11(c-h), which verify the improvement due to the iterative 

cancellation of SSBI. The optimal CSPR for both modulation formats is found to be 8 

dB, and OFDM signals outperform the single-carrier signals. Accordingly, it is 

reasonable to adopt OFDM signals for the IC receiver. Besides, at the optimal CSPR 

of 8 dB, only the first two iterations evidently bring in improvements, the third and 

Fig.  3.11 Q-factor as a function of iteration number at btb for (a) OFDM, and (b) single-carrier 

signals with various CSPRs. (c-h) are the OFDM signal constellations without the iterative 

cancellation and with 1-, 2-, 3-, 4-, 5-times iterations, respectively. 



60 

 

following iterations do not continue to provide predominant contributions. As such, 

the iteration number is set to be two to reduce the computational complexity.  

The btb and transmission performance of OFDM signal using IC receiver is 

depicted in Fig.  3.12. After 160-km transmission, the highest achievable OSNR 

reduces from 39 dB to 35 dB. The optimal CSPRs at various OSNRs as illustrated by 

the red dashed line in Fig.  3.12 (a) and (b), namely, before and after transmission, are 

generally the same, which range from 6 to 8 dB according to the OSNR. In addition, 

it is noted that at the same OSNR, the Q-factor almost remains unchanged before and 

after transmission. 

The system performance of KK receiver with the single-carrier modulation format 

is presented in Fig.  3.13. Distinguish from the IC receiver, the optimal CSPRs for the 

KK receiver increase after transmission, namely, the KK receiver requires a higher 

CSPR after 160-km transmission. This phenomenon is due to the increase of PAPR as 

the transmission distance increases, and the signals with higher PAPR require a 

stronger carrier to not encircle the origin in the complex plane. 

Fig.  3.12 Q-factor as a function of CSPR at various OSNRs for the IC receiver (a) at btb, (b) 

after 160-km transmission. 
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The CD impacts on KK and IC receiver can be observed and compared from the 

OSNR sensitivity at various transmission distances, as shown in Fig.  3.14. The BER 

threshold is set to be 1×10-3, and the required OSNR for the btb, 40-, 80-, 120-, and 

160-km transmission cases is depicted. At btb, the KK receiver outperforms IC 

receiver for various CSPRs. However, the required OSNR of KK receiver increases as 

the transmission distance increases. For example, the required OSNRs of signals with 

Fig.  3.14 Required OSNR versus transmission distance for both KK and IC receiver 

(@BER=1.0×10-3). 

Fig.  3.13 Q-factor as a function of CSPR at various OSNRs for the KK receiver (a) at btb, 

(b) after 160-km transmission. 
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6- and 8-dB CSPR increase by 4.1 dB and 1.6 dB after 40-km transmission compared 

with the btb condition, indicating that the KK receiver is sensitive to the CD impacts. 

This phenomenon is attributed to the increase of PAPR as single-carrier signals 

propagate over the fiber, which has been elaborated in Section 3.3. When the CSPR is 

high (e.g., 10 and 12 dB), the required OSNR curve of the KK receiver tends to be flat. 

While the required OSNRs for the IC receiver almost remain unchanged after 

transmission regardless of the CSPR, which verifies that IC receiver is robust against 

CD.   

3.5. Polarization mode dispersion impacts 

As the SSMF supports two orthogonal modes, signals on one polarization would 

degrade another polarization due to the polarization crosstalk, leading to the 

impairments upon direct detection. The PMD impacts on OFDM signals direct 

detection have been studied in [139], and the degradation of SNR resulted by the PMD 

induced frequency-dependent fading is observed [ 140 - 142 ]. The KK receiver 

proposed in the recent years is another novel scheme to recover IQ signals via direct 

detection. As KK receiver is a promising solution of short- to medium-reach transports, 

given that the transmission distance can be several spans of fibers, PMD impacts are 

worth investigating, and this section concentrates on the PMD impacts on the single-

polarization KK receiver. 

The initially proposed KK receiver in optical communications is a single-

polarization system, where the signals are aligned in one polarization state with 

another null polarization state at the transmitter side. However, the first-order PMD is 

a widely existing detrimental factor in SSMF, and at the receiver side both principal 

polarization states contain ‘signals’, which can be expressed in the Jones space. Under 

the approximation of first-order PMD, the polarization rotation matrix 𝑈 is given by 
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where 𝑇 is the Jones matrix denoting the polarization rotation in output and input of 

the fiber, 𝜔 denotes the frequency, and ∆𝜏 is the time delay between two principal 

polarization states induced by the PMD effects. Correspondingly, at the frequency of 

𝜔𝑐 the received signal can be expressed as 
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where 𝜔𝑖 is the signal frequency of the i-th subcarrier, and 𝑆𝑖 denotes the signals of 

the i-th subcarrier. It can be learned from Eq. (3.17) that for the input single-

polarization signals, after transmission over the fiber the PMD impairs the signals to 

be dual-polarization at the output of fiber, as both X and Y polarization components 

are not null. For the KK receiver, the single-ended PD used in the KK receiver is 

polarization insensitive, and gives the output of |𝑋𝑖|
2 + |𝑌𝑖|

2  due to square-law 

detection. To be specific, X polarization suffers from attenuation at high frequency, 

and Y polarization has crosstalk from X polarization, both of them are detrimental to 

the performance of KK receiver. To assess the performance degradation of KK 

receiver due to the first-order PMD, Q-factor is utilized as an approximate indicator.  

The simulation of KK receiver with PMD effects is conducted. To focus on first-

order PMD impairments, CD impacts are neglected in the simulation. The modulation 

format used in this simulation is single-carrier QAM16, as the PAPR of single-carrier 

signals is generally lower than that of multi-carrier signals, which is preferable for the 

KK receiver. For the baud rate varying from 10 to 50 Gbaud, the oversample rate is 

consistently set to be four times to meet the requirement of high sample rate. At the 

transmitter, information-bearing signals along with the carrier are aligned on the same 

polarization, with another polarization set to be null. It is defined that the transmitted 

SSB signals are on the X polarization, and the principal state of polarization is 45o with 

respect to the X polarization. The CSPR is set to be 10 dB to fully satisfy the minimum 

phase condition. At the receiver, one SSB filter is utilized to mitigate the noise of the 

null sideband, and hence provide the OSNR improvement of 3 dB compared with the 

simulation results without using SSB filters.   
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For various differential group delays (DGDs), the BER performance versus OSNR 

for 25 Gbaud QAM16 signals using KK receiver is depicted in Fig.  3.15. When the 

DGD is lower than 6 ps, the OSNR penalty is negligible. When the DGD increases to 

8 ps, at the BER threshold of 4×10-3 the OSNR penalty is less than 1 dB compared to 

the 0-ps DGD case.   

For various baud rates the Q-factor penalty as a function of DGD is presented in 

Fig.  3.16 with the BER threshold of 4×10-3. Given that PMD effects are frequency 

Fig.  3.15 BER versus OSNR for 25Gbaud QAM16 signals using KK receiver with various 

DGD. 

Fig.  3.16 Q-factor penalty as a function of DGD @BER=4×10-3. 
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dependent, it is expected that signals with wider bandwidth are more sensitive to the 

polarization rotation due to the PMD effects. The DGD value is set to be from 0 to 10 

ps in the simulation. Assuming the PMD efficient of SSMF is 0.1 𝑝𝑠/√𝑘𝑚, and the 

maximum instantaneous DGD is estimated to be the worst case, namely, 3 times of the 

mean DGD [143], the transmission over 100-km SSMF corresponds to 3-ps DGD, and 

the 10-ps DGD is an appropriate estimation of the transports using KK receiver (e.g., 

several spans of SSMF). For the baud rate up to 50Gbaud, the first-order PMD induced 

Q-factor penalty is less than 1 dB when the DGD is less than 4 ps. Beyond the DGD 

of 6 ps, the Q-factor penalty is conspicuous especially for the high-speed transmission 

system. One example is that the Q-factor penalty is 10 dB when the DGD is 10 ps for 

the 50Gbaud system. 

To conclude, the first-order PMD is detrimental even for the single-polarization 

KK receiver, however, given that the KK receiver is designed for the transmission 

links of up to several spans, the PMD effects are not a major limiting factor of the 

system performance. 
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 Field recovery of DSB signal via 

direct detection 

4.1. Introduction 

Coherent detection has created profound impacts on optical communications due 

to its superior capability of recovering both optical intensity and phase, namely, field 

recovery [144]. Although as elaborated in the previous chapters direct detection can 

realize the field recovery of SSB signals as the coherent detection does, only one 

sideband of SSB signals carries information, which is a waste of spectral efficiency. 

Spectral efficiency covers both optical and electrical spectral efficiency. It has been 

reported that the optical spectral efficiency can be enhanced using either WDM 

technique [ 145 - 148 ] or twin SSB modulation [149 - 151 ], however, the optical 

spectrum is not a comparatively precious resource especially for short- and medium-

reach link. As for electrical spectral efficiency, the characteristics of SSB inevitably 

sacrifice half of the receiver bandwidth. Besides, the optical filter is required for SSB 

signals, otherwise the square-law detection involves noise-folding issues. Given that 

DSB signals are generally employed for coherent systems to fully utilize the receiver 

bandwidth, it is highly desirable to achieve the analogical function using cost-effective 

direct detection, in other words, enable the field recovery of DSB signal via direct 

detection.  

In the recent years, several novel direct detection schemes of DSB signal field 

recovery have been proposed and demonstrated. The intensity of signals is detected by 

the PD, and phase recovery of DSB signals is the crux. One approach of optical signal 

phase reconstruction is using temporal transport-of-intensity equation (TIE), the 

corresponding conceptual diagram is depicted in Fig.  4.1 [152-153]. The complex 

amplitude of the DSB signal is denoted as 𝐸(𝑡),  

 0 0( ) ( ) exp[ ( )]E t P t j t=  (4.1) 

where 𝑃0(𝑡) and ∅0(𝑡) are the power and phase of the signal, respectively. The signals 

are split into two paths as shown in Fig.  4.1, in the upper path the dispersive medium 
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is employed, and dispersion shifted fiber (DSF) is implemented on the lower path. 

One-dimensional TIE equation is given by  
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As such, the signal phase and power has been related. The right-hand side of the Eq. 

(4.2) can be approximated using 

 2 1 0 2[ ( , ) ( ,0)] / ( ) [ ( ) ( )] / ( )P t d P t d P t P t d − = −  (4.3) 

where 𝑃1(𝑡) and 𝑃0(𝑡) are the power shown in Fig.  4.1, and 𝛽2 is the group-velocity 

dispersion of the dispersive medium. Eq. (4.3) can be substituted into Eq. (4.2) and the 

optical signal phase is extracted from two photocurrents given by two single-ended 

PDs. This TIE based approach relies on the detected power including both carrier-

signal beating and SSBI power, and hence the receiver bandwidth needs to be wide 

enough to detect the power of all the beating terms. Another scheme of DSB signal 

field reconstruction is based on the modified Gerchberg-Saxton (GS) algorithm [154]. 

The phase can be retrieved via two temporal intensity photocurrents, however, it 

requires several hundred iterations to enable the algorithm to converge. Using this 

algorithm, transmission of dual-polarized 30-Gbaud QPSK signal over 520-km SSMF 

has been demonstrated. 

In this chapter, after illustrating the structure of CADD receiver, the algorithm of 

recovering DSB signals is presented. No time-domain redundancy is needed for 

CADD scheme, and for DSB signals the lower and upper sidebands are filled with 

uncorrelated information-bearing signals. Given the fact that there exists a small 

Fig.  4.1 Conceptual diagram of the TIR based receiver. D indicates the dispersive 

medium, and DSF represents dispersion shifted fiber.  
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frequency gap between two sidebands, and the bandwidth of frequency gap along with 

the optical delay and CSPR are related to the system performance, the joint 

optimization of these parameters is conducted. The first-time experimental 

demonstration of CADD receiver is carried out, and the IQ imbalance impacts on the 

CADD receiver are analysed.    

4.2. Structure and principle of CADD receiver 

Before elaborating the algorithm of recovering DSB signals via CADD receiver, 

it is necessary to briefly introduce the receiver structure of CADD as presented in Fig.  

4.2. To obtain the replica of modulated signals, the carrier is required to obtain the 

beating term between signals and the carrier. As such, the optical field can be 

recovered. The information-bearing signals along with the carrier are fed into the 

CADD receiver. The input signals are split into two paths using a 3-dB optical coupler, 

and an optical delay line is implemented in one path with well-designed length which 

will be discussed in the next section. After the optical delay line, another optical 

coupler is used to split delayed signals, and then one path is fed into a single-ended 

PD. The original and delayed signals are fed into a 90-degree optical hybrid followed 

with a pair of BPDs. Given that the carrier is a CW, which is denoted as 𝐶 , the 

information-bearing signals are denoted as 𝑆(𝑡), the input of the single-ended PD can 

be expressed as 𝐶 + 𝑆(𝑡 − 𝜏), and two inputs of the optical hybrid are 𝐶 + 𝑆(𝑡) and 

𝐶 + 𝑆(𝑡 − 𝜏), respectively. As such, three photocurrents shown in Fig.  4.2 are given 

by 

Fig.  4.2 Conceptual diagram of CADD receiver. 
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where the responsivity of single-ended PD and BPDs are assumed to be 1, Re{} and 

Im{} represent the real and imaginary parts of a complex value, respectively. The 

working principle of CADD receiver consists of two steps, first is recovering the DSB 

signals using above-mentioned three photocurrents, then SSBI needs to be mitigated. 

The first step is analogous to coherent detection, two photocurrents given by the pair 

of BPDs are summed as follows 
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We introduce 𝑅2 to replace 𝐼1 + 𝑗𝐼2 
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To be strict, the carrier and information-bearing signal field 𝐶 and 𝑆 should be given 

by 𝐶𝑒𝑗2𝜋𝑓0𝑡 and 𝑆𝑒𝑗2𝜋𝑓0𝑡, respectively, where 𝑓0 represents the carrier frequency. The 

common phase term existing in 𝑅2 can be easily compensated using the DSP, and here 

for the sake of presenting the CADD scheme in a concise manner, the common phase 

term is not displayed in the equations. Both 𝑅1 and 𝑅2 contain the DC term, and the 

DC term can be cancelled using 
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where 𝑆2(𝑡) represents the SSBI distortions for CADD receiver,  

 
2*

2 ( ) ( ) ( ) ( )S t S t S t S t = − − −  (4.8) 

It is worth noting that SSBI in the CADD scheme distinguishes from the SSBI in the 

SSB based direct detection schemes as discussed in the previous chapter. The first term 

on the right-hand side of Eq. (4.7) is the desired term, which is amplified by the carrier. 



70 

 

Consequently, when a sufficiently strong carrier is transmitted along with the signal, 

the second-order distortion impacts could be negligible. Otherwise, assuming SSBI 

can be estimated and removed, the desired term can be expressed as 
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and the information-bearing signals can be recovered in the frequency domain using 

Eq. (4.10) 
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where 𝑆(𝑓) denotes the information-bearing signal in the frequency domain, and the 

Fourier transform function is denoted as {}. The transfer function of CADD receiver 

is 𝐻(𝑓) as shown in Eq. (4.10). which is the core function to recover the DSB signal 

in the frequency domain. Consequently, the multi-carrier OFDM modulation 

intrinsically fits for the CADD scheme. Even with SSBI, the field of DSB signals has 

been recovered as shown in Eq. (4.10). 

Fig.  4.3 DSP flow chart for CADD receiver. Inset(i) is the spectrum of DSB signals, where Sl and Su 

are the lower and upper sideband signals, respectively. FFT: fast Fourier transform. IFFT: inverse fast 

Fourier transform. 
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When the CSPR is not sufficiently high to neglect second-order distortions, SSBI 

needs to be estimated and subtracted from the received signals as shown in Eq. (4.10). 

The specific DSP flow chart of SSBI mitigation used for CADD receiver is illustrated 

in Fig.  4.3, which is the second step of CADD receiver working procedure. The inset 

of Fig.  4.3 is the spectrum of DSB signals with a small guard band in the vicinity of 

the carrier frequency. The bandwidth of the guard band can be merely 10% of the 

information-bearing signal bandwidth. The functions of implementing guard band are 

twofold, accommodating partial SSBI and avoiding the null point of the transfer 

function. For the narrow frequency gap used in CADD, (e.g., merely 10% of the signal 

bandwidth) SSBI overlaps with the information-bearing signals in the frequency 

domain. Although there exist SSBI distortions, preliminary symbol decisions are made. 

For the iteration, symbol decisions made in the frequency domain are transformed into 

the time domain via IFFT, SSBI are then reconstructed using the formula shown in Fig.  

4.3. Since the output of the transfer function for CADD receiver is the frequency-

domain recovered signals, the time-domain reconstructed SSBI needs to be 

transformed into the frequency domain via FFT, and then subtracted from 𝑅 as shown 

in Eq. (4.10). After the subtraction of SSBI, the symbol decision is made again to 

accomplish one iteration. It is reasonable to expect at some certain CSPRs after the 

first-time SSBI cancellation as discussed above, the system performance can be 

improved. After several iterations, namely, iterative cancellation of SSBI, when the 

system performance finally converges, the process of iterative SSBI cancellation can 

be terminated.  

It is worth noting that the structure of CADD receiver shown in Fig.  4.2 can be 

simplified. For example, the optical hybrid can be replaced using a 3×3 optical coupler 

[155]. For the photonics integrated circuit (PIC) such as silicon photonics, the number 

of required PDs (e.g., three PDs used for the CADD receiver) is not the dominating 

factor of the total cost compared with the electrical bandwidth of the circuit. Compared 

with SSB based direct detection as discussed in Chapter 3, the implementation of two 

more PDs into the PIC does not predominantly increase the system cost but doubling 

the receiver bandwidth would.     
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4.3. Simulation and experimental demonstration of CADD 

4.3.1. Transfer function for CADD 

The transfer function 𝐻(𝑓) for CADD scheme shown in Eq. (4.10) is depicted in 

Fig.  4.4, where the optical delay is set to be 50 ps. At some frequencies, the magnitude 

of the transfer function is zero, leading to the singularity which needs to be avoided. 

Since 𝐻(𝑓 = 0) = 0 , SSBI distortions and the noise is severely amplified in the 

vicinity of zero frequency, a small guard band is required between the lower and upper 

sideband. Besides the zero frequency, at the frequencies of ±20 GHz (1/50 ps=20 GHz) 

another two null points are observed, and such null points are inevitable since the 

transfer function equals to zero when 𝑓𝜏 = 1,2, 𝑒𝑡𝑐. It is expected that such null points 

bring in severe distortions at these frequencies, and hence the information-bearing 

signal frequency region should be deliberately designed in two ways: tuning the 

frequency gap in the vicinity of zero frequency and adjusting the length of optical 

delay.   

 When |𝐻(𝑓)| > 0 , SSBI is suppressed via the transfer function, and such 

frequency region is illustrated as SSBI suppression region in Fig.  4.4. As such, for the 

50-ps optical delay it is desirable to allocate signals in the frequency region of [-16.6 

GHz, -3.4 GHz] and [3.4 GHz, 16.6 GHz]. It can be concluded that the frequency gap 

between two sidebands serves as two functions: (i) SSBI at low frequency is more 

Fig.  4.4 Magnitude of transfer function H(f) for CADD with the optical delay of 50 ps. SSBI 

suppression is defined as |H(f)|>1.   
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severe than that in the high frequency region, and hence the frequency gap in the 

vicinity of zero frequency can accommodate parts of severe SSBI; (ii) the frequency 

gap is helpful to assign information-bearing signals into the SSBI suppression region 

rather than the region with singularity induced by the null point of transfer function.  

4.3.2. Length of optical delay 

The transfer function for CADD scheme is a function of the optical delay τ, and 

the optical delay determines the frequency of null points. The principle of designing 

CADD receiver is allocating signals into the SSBI suppression region, which involves 

Fig.  4.5 (a) Signal spectra before and after implementing transfer function H(f). (b) 

SSBI spectra before and after implementing transfer function H(f). 
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the interplay between the frequency gap and the optical delay. To investigate the 

impacts of optical delay, the frequency gap is set to be 2.5 GHz, and the Monte Carlo 

simulation of 25-Gbaud QAM16 OFDM signals with the sampling rate of 50 

Gsample/s is conducted. As such, the frequency gap merely occupies 10% of the signal 

bandwidth, and signals occupy the frequency region of [-13.75 GHz, -1.25 GHz] and 

[1.25 GHz, 13.75 GHz]. The spectrum of signal before implementing the transfer 

function (e.g., 𝑆(𝑡) − 𝑆(𝑡 − 𝜏) ) is illustrated in Fig.  4.5(a), and the signal after 

implementing the transfer function (e.g., 𝑆(𝑡)) is the blue curve shown in Fig.  4.5(a). 

To verify the SSBI can be suppressed in some frequency regions, the spectra of SSBI 

are depicted in Fig.  4.5(b). It is shown that after implementing the transfer function, 

the power of SSBI is suppressed by up to 6 dB at the frequency region of [-16.7 GHz, 

-3.3 GHz] and [3.3 GHz, 16.7 GHz]. Besides, at the frequency of 0 and ±20 GHz the 

severely enhanced distortions are observed, which indicates the guideline of designing 

signal frequency region. To study the impacts of optical delay, the CSPR is set to be 8 

dB, and four iterations of SSBI iterations are conducted. The BER as a function of 

OSNR with various optical delays is depicted in Fig.  4.6. For the definition of OSNR, 

since the carrier is transmitted along with the information-bearing signals from the 

transmitter, the power of both carrier and information-bearing signals is regarded as 

‘signal’ power while calculating OSNR. Fig.  4.6 shows that the optimal delay is 60 

ps. Compared to the 50-ps delay, the slope of 60-ps transfer function around zero 

Fig.  4.6 BER performance versus OSNR with varying optical delays. 
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frequency is steeper, which fits better for the 2.5-GHz frequency gap. The 

phenomenon of existing an optimal optical delay can be explained as follows: when 

the optical delay line is too short, the SSBI suppression region moves to higher 

frequency which indicates the bandwidth of frequency gap should be wider; if the 

optical delay line is too long, the second null point of the transfer function is shifted to 

low frequency region, as such, the bandwidth to accommodate the information-bearing 

signals shrinks. Correspondingly, the length of optical delay line needs to be carefully 

designed to obtain the superior system performance.   

4.3.3. Optimal CSPR 

Before optimizing the CSPR for CADD receiver, the iteration number needs to be 

clarified. The BER performance versus iteration number is shown in Fig.  4.7 with the 

Fig.  4.7 BER as a function of iteration number for 25-Gbaud QAM 16 signals @ CSPR of 8 dB, 

optical delay of 60 ps, and frequency gap of 10%. Insets are the corresponding constellations for each 

iteration @ OSNR=28 dB. 
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corresponding constellations. When SSBI is not cancelled, the iteration number is zero. 

For the 25-dB OSNR, the first three iterations bring in the improved performance 

evidently, and the fourth iteration of SSBI cancellation still results in the marginal 

improvement. Similar phenomenon is observed for the 28-dB OSNR, the first four 

iterations have mitigated SSBI effectively, and more iterations do not bring in extra 

improvement, and hence it is reasonable to conduct four iterations for 25-Gbaud 

QAM16 signals. 

After optimizing the length of optical delay line for the signals with certain 

bandwidth, CSPR is another factor to be optimized. For a given frequency gap, the 

CSPR is swept from 6 to 14 dB with the step size of 1 dB, as shown in Fig.  4.8 CSPR 

evidently affects the system performance. Although a low CSPR is desired since the 

carrier does not transmit any information, desired term 𝑆(𝑡) − 𝑆(𝑡 − 𝜏)  is not 

sufficiently amplified by the strong carrier and the SSBI distortions cannot be ignored. 

As such, the preliminary symbol decisions are not accurate and the SSBI iterative 

cancellation is not effective, which limits the system performance. For the high CSPR 

circumstance, the power of information-bearing signals is relatively small, and signals 

become more sensitive to noise, leading to the poor performance. Consequently, there 

Fig.  4.8 BER versus CSPR for 25-Gbaud signals (a) with 5% frequency gap, (b) with 20% 

frequency gap. 
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exists an optimal CSPR value. For the 5% frequency gap case, the 25-Gbaud DSB 

signals are in the frequency region of [-13.125 GHz, -0.625 GHz] and [0.625 GHz, 

13.125 GHz]. When OSNR is 30 dB, the optimal CSPR is found to be 9 dB as shown 

in Fig.  4.8 (a). For lower OSNRs, the optimal CSPR gradually decreases. That is 

because at low OSNRs, the SSBI distortions are not the predominant factor limiting 

the system performance, and the enhancement of desired term using a high CSPR to 

combat SSBI impacts does not bring in evident improvements, namely, for low OSNRs 

the optimal CSPR is lower than that for high OSNRs. For the wide frequency gap (e.g., 

20% of the signal bandwidth) shown in Fig.  4.8 (b), the optimal CSPR is found to be 

7 dB, indicating a wide frequency gap helps relax the requirement of large CSPRs. In 

other words, there exists a trade-off between the high spectral efficiency and required 

CSPRs. 

4.3.4. Simulated OSNR sensitivity 

As discussed above, the optical delay and CSPR are two parameters which require 

optimization for a certain frequency gap. Accordingly, to study the system 

performance of CADD receiver, the optimal optical delay and CSPRs for each 

frequency gap are shown in Table 4.1.  

      Table 4.1 Optimal delay and CSPRs for 25-Gbaud 16 QAM signals with each frequency gap. 

 

When the frequency gap is small, it requires the optical delay to be large and hence 

the slope of the transfer function is steep in the vicinity of zero frequency, which 

suppresses the bandwidth of SSBI enhancement region. Meanwhile, the small 

Frequency gap Optical delay CSPR 

5% 60 ps 9 dB 

10% 60 ps 8 dB 

15% 60 ps 8 dB 

20% 50 ps 7 dB 

25% 50 ps 7 dB 
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frequency gap requires a relatively large CSPR, for example, the optimal CSPR is 9 

dB for 5% frequency gap, while the optimal CSPR is 7 dB for a wide frequency gap 

(e.g., 25% gap) with the optimal optical delay decreasing from 60 ps to 50 ps. The 

decrease of optical delay is due to the interplay of frequency gap and SSBI suppression. 

Since a wide guard band is inserted between two sidebands, the information-bearing 

signals are allocated in the relatively high frequency region. Accordingly, the optical 

delay becomes smaller to enable the signals are in the SSBI suppression region rather 

than the SSBI enhancement region.  

Fig.  4.9 OSNR sensitivity of CADD and KK receiver with varying frequency gaps at back-to-

back. 

Fig.  4.10 Mutual information of CADD and KK receiver with varying frequency gaps at back-

to-back. 
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The Monte Carlo simulation of 25-Gbaud QAM16 OFDM signals is conducted to 

investigate the performance of CADD receiver. The CADD receiver is designed for 

the DSB signals, and to make a comparison with SSB case, KK receiver is selected as 

a representative scheme of SSB signals. Since the KK relation requires the high 

oversampling rate, for the KK receiver the sampling rate is set to be 100 Gsample/s, 

while the sampling rate for CADD scheme is 50 Gsample/s. The bit rate of DSB and 

SSB signals are 100 Gb/s, and the corresponding detection scheme is CADD and KK 

receiver, respectively. The modulation format for the CADD receiver is multi-carrier 

OFDM since the characteristic of the transfer function inherently fits for OFDM 

signals, while single-carrier modulation is adopted for the KK receiver due to the low 

PAPR of single-carrier signals. The optical delay and CSPRs utilized for the CADD 

scheme simulation are the optimal values shown in Table 4.1, and the optimal CSPR 

for KK receiver is 6 dB. For both DSB and SSB signals, no optical filters are 

implemented. The OSNR sensitivity of two receiver schemes are shown in Fig.  4.9. 

Simulation results show that both CADD and KK receiver schemes are effective of 

mitigating SSBI. For the 100-Gb/s DSB signals with merely 1.25-GHz frequency gap 

(corresponding to 5% frequency gap), CADD scheme still works properly. When the 

requirement of high spectral efficiency is alleviated, for the 10% gap case, the OSNR 

sensitivity is 28 dB at the BER threshold of 1×10-3. If the inserted frequency gap were 

wider, the OSNR sensitivity can be further improved. For example, when the 

frequency gap is 25%, around 2-dB OSNR improvement is obtained compared with 

the 10% gap circumstance. Although the system sensitivity of CADD scheme can be 

further improved by inserting a wider guard band, the sacrifice of spectral efficiency 

violates the original intention of developing DSB signal field recovery via direct 

detection. The mutual information (MI) of both CADD and KK schemes is depicted 

in Fig.  4.10, and the inset shows the zoom-in MI at high OSNR regions.  

Given that the transfer function is nonuniform and the signal may not be perfectly 

allocated within the SSBI suppression region, it is desirable to investigate the SNR 

over the signal bandwidth. For the 25-Gbaud OFDM signals with 10% frequency gap, 

the SNR as a function of the frequency is presented in Fig.  4.11, where the frequency 

gap corresponds to the region of [-1.25 GHz, 1.25 GHz], and the SNRs of two 
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sidebands are given. When no iteration of SSBI cancellation is conducted, the SNR 

curve agrees well with the transfer function. The SNR in the SSBI suppression region 

is evidently higher than that in the SSBI enhancement region. The lowest SNR appears 

in the vicinity of zero frequency, which is coincident with the fact that SSBI is more 

severe at low frequency regions. After employing SSBI iterative cancellation 

algorithm, the SNR over the whole signal bandwidth gradually increases, moreover, 

the colored-SNR characteristic of SNR distribution is correspondingly mitigated. This 

phenomenon can be explained as follows, the symbol decisions are made in the 

frequency domain for OFDM signals, and SSBI is reconstructed in the time domain, 

indicating the low correlation between the symbol decisions and reconstructed SSBI, 

and hence the second-order distortions can be effectively mitigated. This low 

correlation alleviates the colored-SNR phenomenon and empowers the efficiency of 

iterative cancellation. It is noticed that the fourth iteration does not bring remarkable 

SNR improvement compared to the first two iterations, and this phenomenon is in line 

with the results shown in Fig.  4.7. After four iterations, the average SNR is 19.7 dB, 

and the lowest SNR in the vicinity of zero frequency is around 15 dB. It is worth 

mentioning that the colored-SNR characteristic can be alleviated by inserting a wider 

frequency gap. 

Fig.  4.11 SNR versus frequency for 25-Gbaud signals with 10% frequency gap, 60-ps optical 

delay, 8-dB CSPR, and 30-dB OSNR. 
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The transmission performance of CADD receiver is displayed in Fig.  4.12.The 

transmission over 160-km SSMF with the CD of 17 ps/(nm×km) is emulated. Since 

the CADD scheme is capable of recovering the optical field, CD can be digitally 

compensated at the receiver. Simulation results show that the BER curves at back-to-

back and after 160-km transmission are overlapped, indicating the CADD receiver is 

not sensitive to CD even with 5% guard band. While for the KK receiver, although the 

CD is also digitally compensated using the recovered field information, after 160-km 

transmission the PAPR of signals increases, which leads to the degradation of system 

performance after transmission.  

The system performance of DSB based CADD receiver and SSB based KK 

receiver has been presented and discussed. More generally, several state-of-the-art 

schemes realizing field recovery via direct detection and coherent detection schemes 

are in a good position to make a comparison. For the various detection schemes shown 

in Table 4.2, the bit rate is 200 Gb/s per polarization per wavelength and the OSNR is 

set to be 30 dB. In terms of required bandwidth per ADC, the homodyne coherent is 

superior to the other schemes. For the homodyne coherent, two ADCs are required, 

and heterodyne coherent merely needs one ADC, however, heterodyne coherent 

requires twice the receiver bandwidth, which significantly increases the system cost. 

Fig.  4.12 Transmission performance of CADD and KK receivers with each optimal parameter. 
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 Table 4.2 Cost metrics of 200-Gb/s net interface rate per wavelength per polarization detection 

systems with field recovery. This table is reproduced from ref [97], and OSNR is set to be 30 dB. BW: 

bandwidth 

 

As the required receiver bandwidth is the predominant factor of the system cost 

compared with the number of components, homodyne coherent systems rather than 

heterodyne coherent systems have been widely adopted in field-deployed coherent 

systems. Analogous to homodyne over heterodyne in coherent detection, the CADD 

scheme which requires around half of the receiver bandwidth compared with SSB 

based schemes is a novel promising direct detection scheme.  

For the implementation cost of PIC, the optoelectronic bandwidth and whether a 

coherent laser is needed or not are two predominant factors. The first concern of 

optoelectronic bandwidth can be addressed by using DSB rather than SSB modulation, 

and the second concern of the coherent laser can be addressed by using direct detection. 

Consequently, the DSB modulation based CADD scheme is in a great position to be 

implemented in the PIC. From the perspective of practical implementation scenarios 

(e.g., data center interconnections), for coherent receiver the utilization of LO not only 

increases the system cost as a hardware component but also contributes to the 

complicated DSP including LO frequency offset estimation and carrier phase 

estimation, which leads to high power consumption [ 156 ]. Compared with the 

homodyne coherent receiver, the CADD scheme and SSB based direct detection 

 BW per ADC 

(GHZ) 

Requirement of 

stable lasers 

Number of 

ADCs 

Coherent (homodyne) 9.7 Yes 2 

Coherent (heterodyne) 19.4 Yes 1 

CADD 16.0 No 3 

KK 31.6 No 1 

Stokes 25.1 No 3 

Gapped SSB 50.2 No 1 

Interleaved SSB 50.2 No 1 
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schemes do not require the LO, which makes both schemes suitable for cost-sensitive 

transports in terms of both system cost and power consumption. Accordingly, field 

recovery schemes via direct detection fills the gap between conventional IMDD and 

conventional systems, namely, both CADD and SSB based direct detection schemes 

tactfully strike the balance between the system cost and performance [157][158].   

4.3.5. Experimental demonstration and results 

Experimental demonstration of the proposed CADD scheme has been carried out 

to reveal the capability of DSB signal field recovery via direct detection. The 

experimental setup is depicted in Fig.  4.13. The pseudo-random bit sequence is 

mapped to QPSK signals, and then loaded into 900 subcarriers out of 1000 to obtain 

54-Gb/s OFDM signals. To enhance the spectral efficiency, the CP is not employed. 

Since the channel response may be not uniform over the signal bandwidth, 

compensation of the channel response without the impacts of SSBI is indispensable. 

As such, six OFDM training symbols are used, with signals only loaded in the odd-

numbered subcarriers and null even-numbered subcarriers. After the CADD detection, 

SSBI is allocated onto the even-numbered subcarriers with no impacts on odd-

numbered subcarriers. The channel response can be estimated from the information-

bearing odd-numbered subcarriers. The frequency gap inserted between two sidebands 

Fig.  4.13 Experimental setup for CADD scheme.  
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of the 54-GB/s signals is 4.86 GHz. An external-cavity laser is used for the light source, 

and the transmitter for the CADD scheme consists of two optical paths, an IQ 

modulator is implemented in one path and the other optical path provides the CW from 

the same laser, which serves as the carrier. Two EDFAs are employed in two paths, as 

such, various CSPRs can be obtained by tuning the gain of each EDFA. After the 

modulated signals and the carrier are combined using an optical coupler, a polarizer is 

used to guarantee signals and carrier are in the same polarization state. To validate the 

optical field recovery ability of CADD scheme, signals are transmitted over two spans 

of fiber, corresponding to 160 km, and CD is digitally compensated at the receiver side. 

Besides the tunable optical delay line and 90-degree optical hybrid, three matched 

BPDs are implemented at the receiver, and one of the BPDs is used as a single-ended 

PD. The sampling rate of the ADC is 80 GSa/s and the bandwidth is 33 GHz.  

DSP used in the experimental demonstration generally follows with the flow chart 

shown in Fig.  4.3. It is worth noting that coefficient η is needed to scale the 

reconstructed SSBI. Since the symbol decisions for QPSK signals are ±1±1j, and the 

reconstructed SSBI using ±1±1j needs to be scaled according to the CSPR as displayed 

in Fig.  4.14. To be specific, when the CSPR is small, the portions of SSBI are 

relatively large. The optical power fed into the PDs is kept constant, while SSBI is 

reconstructed using the same ±1±1j regardless of the CSPR, and hence the coefficient 

η at small CSPRs should be large to subtract the relatively severe SSBI portions. As 

Fig.  4.14 Scaled coefficient η used in the experimental demonstration versus CSPR. 
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the coefficient η is related to the oversample rate, received optical power and the 

responsivity of PDs, the value of η is scaled to around 1 in Fig.  4.14. 

To identify the optimal CPSR in the experimental demonstration, CSPR is swept 

from 6 to 12 dB with the step size of 1 dB. After 160-km transmission over SSMF, the 

BER performance as a function of iteration number is shown in Fig.  4.15, and the 

insets display the corresponding constellations for the 8-dB circumstance after each 

iteration. At low CSPRs (e.g., 6-dB CSPR), system performance can be greatly 

improved after two iterations, the third and even fourth iteration can still bring in some 

marginal improvements. When CSPR is 10 dB, only the first iteration is effective in 

mitigating SSBI, from the second iteration sustainable improvements are not observed. 

That is because at high CSPRs, SSBI impacts on system performance are relatively 

small, and hence the effectiveness of SSBI iterative cancellation is limited. The 

optimal CSPR is found to be 8 dB as shown in Fig.  4.15, where the first two iterations 

provide evident improvements, which are also indicated by the corresponding 

constellations. For the optimal 8-dB CSPR, the third and fourth iterations do not 

present the necessity to be carried out, and thus it is reasonable to conduct two 

iterations of SSBI cancellation 

The optimal CSPR is related to the BER threshold, as such, BER performance at 

various OSNRs is presented in Fig.  4.16(a). At 36-dB OSNR, the optimal CSPR is 

Fig.  4.15 BER versus the number of iterations for various CSPRs after transmission of 

160-km SSMF. Insets (i-iv) are corresponding constellations for each iteration with the CSPR 

of 8 dB. 
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 around 8-9 dB. When OSNR decreases to 28 dB, the optimal CSPR shifts to 7-8 dB. 

This phenomenon agrees with the theoretical analysis in the previous sections, that is 

at low OSNRs the major limitation of the system is the optical noise rather than SSBI 

distortions. At the BER threshold of 4×10-3 shown in Fig.  4.16(b), the OSNR 

sensitivity is around 32 dB with the optimal CSPR of 8 dB. 

To conclude, the transmission of 54-Gb/s DSB signals over 160-km SSMF has 

been demonstrated. The optical field has been successfully recovered via direct 

detection and CD is digitally compensated at the receiver side. Besides, compared to 

SSB based direct detection schemes, the required receiver bandwidth of proposed 

CADD scheme is reduced by 41%.  

4.4. IQ imbalance impacts on CADD 

As shown in Fig.  4.13, an IQ modulator is implemented at the transmitter for 

CADD scheme. From practical aspects, the IQ imbalance is a widely existing factor 

limiting the system performance. The IQ imbalance may stem from the I and Q paths 

Fig.  4.16 (a) Optimization of CSPR at various OSNRs. (b) BER versus OSNR for various CSPRs. 
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of electrical amplifiers, electrical cables, and the internal structure of IQ modulator 

[159-160]. When the frequency response of I and Q paths of these components is not 

identical, signals are degraded at the transmitter, which poses a tough task on the signal 

recovery especially when the IQ imbalance parameters are blind at the receiver side. 

The DSP of CADD scheme can be understood as two steps: obtain preliminary symbol 

decisions even with SSBI distortions and then conduct iterative SSBI mitigation. As 

such, it is highly desirable to study the impacts of IQ imbalance, and whether the 

iterative SSBI mitigation can work properly in the presence of IQ imbalance. 

The degradation induced by IQ imbalance is that the mirror interference generated 

from one sideband would distort another sideband, and vice versa. For SSB signals, 

such mirror interference can be easily observed since one sideband should be null, 

however, both sidebands carry information for DSB signals. The IQ imbalance 

includes the amplitude and phase mismatch, and for CADD scheme the tolerance of 

both mismatches is investigated. The IQ imbalance model is built as follows, for the 

OFDM signals consisting of 2k subcarriers, R(-k) and R(k) are used to present the 

subcarriers in the lower and upper sideband, respectively. Correspondingly, the IQ 

imbalance distorted signals in the lower and upper sideband are denoted as Riq(-k) and 

Riq(k), which can be expressed as [161-162] 
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where G1 and G2 are IQ imbalance related parameters, containing amplitude imbalance 

denoted by α(k), and phase imbalance denoted by β(k), 
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Since the IQ imbalance is assumed to be linearly frequency dependent, the amplitude 

imbalance α is loaded from 0 to 30% mismatch over the frequency region of 

information-bearing signals, and the phase mismatch β is loaded from 0 to 0.2 rad. To 

investigate the tolerance of IQ imbalance, the above-mentioned IQ imbalance 

parameters are blind to the receiver and no IQ imbalance compensation algorithm is  
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implemented. The simulation of 25-Gbaud QAM16 OFDM signals using CADD 

receiver is carried out. Several optimal parameters used in the simulation are the CSPR 

of 8 dB and optical delay of 60 ps with the frequency gap of 2.5 GHz.    

Fig.  4.17 presents the OSNR sensitivity of CADD receiver in the presence of IQ 

imbalance, including both amplitude and phase imbalance. The BER threshold is set 

to be 4×10-3, and the OSNR sensitivity is found to be 26 dB with no IQ imbalance. 

With the combination of amplitude and phase imbalance, for example, α equals to 80% 

and β equals to 0.2 rad, the OSNR sensitivity degrades to 30 dB.   

Fig.  4.17 OSNR sensitivity @BER=4×10-3 versus amplitude and phase imbalance. 

Fig.  4.18 (a) BER as a function of OSNR for the cases with no IQ imbalance (alpha=1, beta=0) 

and with IQ imbalance (alpha=0.8, beta=0.2), respectively. (b) BER as a function of iteration number 

for two bold diamond points shown in (a). 
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The BER performance of two cases (e.g., one with no IQ imbalance, one with α 

equals to 80% and β equals to 0.2 rad) is depicted in Fig.  4.18 (a). At the 7% FEC 

threshold, the OSNR penalty induced by IQ imbalance is up to 4 dB. To study the 

effectiveness of SSBI iterative cancellation in the presence of IQ imbalance, two 

diamond points with almost the same BER shown in Fig.  4.18 (a) are selected. The 

corresponding BER curve as a function of iteration number is depicted in Fig.  4.18 

(b). The blue curve represents the circumstance with no IQ imbalance at 30-dB OSNR, 

and it is overlapped with the BER curve representing the case with amplitude 

mismatch parameter α of 0.8 and phase mismatch parameter β of 0.2 rad, indicating 

that iterative SSBI cancellation for CADD does not incur extra OSNR penalties due to 

the IQ imbalance, despite that both amplitude and phase mismatch degrades the system 

performance as a whole. 
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 Towards low CSPR for direct 

detection schemes 

5.1. Introduction 

For the field recovery of complex-valued signals via direct detection, the carrier is 

needed to obtain the beating term between the carrier and information-bearing signals, 

namely, the replica of modulated signals. A large CSPR is generally applied for both 

SSB based KK and IC receivers and DSB based CADD receiver to enable the 

acceptable system performance. However, no information is loaded on the carrier and 

it is preferable to enhance the information-bearing signal power rather than the carrier 

power. Besides the power efficiency issue, the high carrier power incurs nonlinear 

effects. Accordingly, it is highly desirable to relax the requirement of high CSPR. 

However, the minimum phase condition for the KK receiver is the limitation of CSPR, 

when the minimum phase condition is violated due to the low CSPR, KK relations 

cannot work properly. The high CSPR requirement also applies for the SSB based IC 

receiver, preliminary symbol decisions cannot be made accurately at low CSPRs, and 

hence degrades the effectiveness of SSBI iteration mitigation. The cause of required 

high CSPRs for DSB based CADD scheme is analogous to the IC receiver. In the 

recent years, the issue of high carrier power has attracted research interests and several 

novel algorithms have been proposed to deal with the high CSPR restrictions.    

A modified KK receiver was proposed to reconstruct the field at low CSPRs [163-

164]. The core of this scheme is applying an exponential operation to SSB signals, 

which enables the time trajectory of signals does not encircle the origin. To be specific, 

the DSP flow chart of this proposed modified KK receiver algorithm is shown in Fig.  

5.1. The baseband signals are upconverted first, and then exponential operation is 

carried out. As such, the signals after exponential operation intrinsically do not encircle 

the origin, in other words, the minimum phase condition is satisfied. The CD impacts 

can be dealt with via pre-compensation using the known channel information (e.g., the 

transmission distance), or CP can be implemented. Experimental demonstration has 
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shown that the CSPR using this modified KK receiver scheme can be reduced by 2 dB 

compared with the conventional KK receiver. 

For the DSB based CADD receiver, interleaved subcarrier loading scheme has 

been proposed to enable CADD scheme work properly at low CSPRs [ 165 ]. 

Analogous to the SSB based interleaved scheme, odd-numbered subcarriers with 

respect to the carrier are loaded with information and even-numbered subcarriers are 

intentionally set to be null for DSB signals. The corresponding spectrum is shown in 

Fig.  5.2. Such loading scheme has two advantages, one is the SSBI induced by square-

law detection allocates in the null even-numbered subcarriers, another one is that the 

required CSPR is low since it does not need a strong carrier to combat SSBI. 

Depending on the frequency gap in the vicinity of zero frequency, the CSPR can be as 

low as 0~3 dB. Although a wide frequency gap of 50% can be used to fully 

Fig.  5.1 DSP flow chart of the modified KK receiver scheme with the corresponding spectra. 

Fig.  5.2 Interleaved subcarrier loading for CADD receiver. 
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accommodate SSBI, it is desirable to take the advantage of low-frequency region of 

components in the system since the frequency response of electrical or O/E 

components generally presents better than that in the high frequency region. 

Experimental results show that the optimal CSPR is merely 1.5 dB when the guard 

band is 25% of the signal bandwidth. 

In this chapter, two novel algorithms are presented to reduce the required CSPR 

for SSB based direct detection schemes, and the power loading scheme is 

demonstrated to effectively deal with the colored-SNR issues for CADD receiver, and 

hence relax the requirement of high CSPR. 

5.2. Enhanced SSBI mitigation 

As discussed in Chapter 3, SSB based KK receiver relies on the minimum phase 

condition, which requires the time trajectory of signals does not encircle the origin, 

otherwise the field could not be recovered accurately. Besides, the O/E response has 

been demonstrated to affect the accuracy of the field reconstruction given by KK 

relations in the practical implementation [166-167]. Although a high CSPR can help 

weaken the impacts of SSBI, the power efficiency and high power induced 

nonlinearity are two concerns. Consequently, enhanced SSBI mitigation scheme is 

proposed and discussed in this section. 

For the signal transmitted along with the carrier, 𝑆 = 𝐸𝑠𝑒𝑗𝜔𝑠𝑡  and 𝐶 = 𝐸𝑐𝑒𝑗𝜔𝑐𝑡 

are used to represent the signal and carrier field, respectively. Upon the direct detection, 

assuming the responsivity of the PD is 1, the photocurrent can be expressed as  

 
2 2 2 ( ) ( )

C S S C
j t j t

C S C S C S
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   − −
= + = + + +  (5.1) 

SSB signals use either upper or lower sideband to load information. With the 

assumption of upper sideband is selected (e.g., 𝜔0 < 𝜔𝑠), the desired term in Eq. (5.1) 

is 𝐸𝐶𝐸𝑆𝑒𝑗(𝜔𝑆−𝜔𝐶)𝑡. When the minimum phase condition is fully satisfied, the desired 

term can be recovered via KK relations, while at low CSPRs distortions caused by the 

violation of minimum phase condition are involved. The distortions, namely, error 

signals are denoted as ∆𝐸𝑆, and the distorted signals 𝐸𝑆
′  can be given by 𝐸𝑆

′ = 𝐸𝑆 +
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∆𝐸𝑆. Using the conventional KK algorithm, the recovered term containing the error 

signals is 𝐸𝐶(𝐸𝑆 + ∆𝐸𝑆)𝑒𝑗(𝜔𝑆−𝜔𝐶)𝑡 . Compared with the desired term, the involved 

distortion 𝐷1 is given by  

 
( )

1
S Cj t

C SD E E e
 −

=   (5.2) 

which is the distortion term for the conventional KK receiver at low CSPRs. Based on 

the KK algorithm, the enhanced SSBI mitigation is using the obtained symbol 

decisions to reconstruct SSBI and then subtracted from the original received 

photocurrent. The corresponding equation can be given as follows with the assumption 

of DC has been removed 

 
2 2( ) ( ) * *
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 (5.3) 

The first two terms on the right-hand side of Eq.(5.3) are two sidebands, and one SSB 

filter denoted by 𝑳[∙] can be utilized to obtain the desired sideband. With the filter, the 

rest terms become 𝐸𝐶𝐸𝑆𝑒𝑗(𝜔𝑆−𝜔𝐶)𝑡 − 𝑳[𝐸𝑆∆𝐸𝑆
∗ + 𝐸𝑆

∗∆𝐸𝑆] containing both the replica 

of signals and distortion term 𝐷2, and 𝐷2 is given by 

 
* *
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which is the distortion of enhanced SSBI mitigation scheme. By comparing 𝐷1 and 𝐷2, 

the superiority of enhanced SSBI mitigation over conventional KK algorithm can be 

shown. The power ratio of 𝐷1 and 𝐷2 can be expressed by 
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L
 (5.5) 

In various reported demonstrations of the KK receiver, the optimal CSPR 

generally ranges from 6 to 12 dB, which is larger than 3 dB. Under such circumstance, 

it can be seen from Eq. (5.5) that the power of error signals given by conventional KK 

receiver is larger than the counterpart given by the proposed enhanced SSBI mitigation 

scheme. As such, with the same CSPR the proposed enhanced SSBI mitigation scheme 

can remove SSBI impacts more effectively, and from another prospective, the 

proposed scheme can work properly at lower CSPRs. 
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The signal processing for the proposed enhanced SSBI mitigation scheme is 

depicted in Fig.  5.3, where SSBI is reconstructed using the absolute square of 

preliminary symbol decisions. The subtraction operation in Fig.  5.3 denotes the 

processing shown in Eq. (5.3), after that, the SSB filter is implemented to obtain one 

of the sidebands. The equalization is implemented to deal with the channel response 

before making the final symbol decisions. After transmission over fibers, CD 

compensation and CD decompensation while reconstructing CD distorted SSBI are 

required. 

To verify the effectiveness of enhanced SSBI mitigation scheme, experimental 

demonstration was conducted. The experimental setup is same as Fig.  3.10, and the 

Q-factor as a function of OSNR for various CSPRs is depicted in Fig.  5.4. At low 

Fig.  5.3 DSP flow chart for the proposed enhanced SSBI mitigation scheme. 

Fig.  5.4 Q-factor versus OSNR for different CSPRs. (a) 4-, (b) 6-, (c) 8-dB CSPR. Scheme 1: 

conventional KK receiver. Scheme 2: proposed enhanced SSBI mitigation based on KK relation. 
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CSPRs, for example, at 4-dB CSPR the Q-factor can be improved by using the 

proposed enhanced SSBI mitigation scheme for both btb and after transmission 

conditions. The improvement of Q-factor is more evident for the transmitted than the 

btb case. This phenomenon is attributed to the fact that even the minimum phase 

condition is satisfied at the transmitter, after transmission over 80/160-km fiber, the 

PAPR of signals increases and hence violates the minimum phase condition at the 

receiver side. When the CSPR is increased to 8 dB, the enhanced SSBI mitigation 

scheme does not provide Q-factor improvement at btb, but still can improve the system 

performance after 80- and 160-km transmission over SSMF.  

The BER threshold is set to be 1×10-3, and the transmission performance using 

conventional KK and proposed enhanced SSBI mitigation scheme is illustrated in Fig.  

5.5. As shown in Fig.  5.5 (a), after 40- and 160-km transmission the optimal CSPR 

for KK receiver is found to be 9-10 dB, while for the enhanced SSBI mitigation scheme 

the optimal CSPR is 7 dB for both 40- and 160-km transmission condition, which 

indicates the effectiveness of SSBI cancellation given by the proposed algorithm at 

Fig.  5.5 (a)System performance after 40- and 160-km transmission. (b) Required OSNR as a 

function of transmission distance for various CSPRs. Scheme 1: conventional KK receiver. Scheme 

2: proposed enhanced SSBI mitigation based on KK relation. 
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low CSPRs. Compared with the conventional KK receiver using relatively high CSPRs, 

the low CSPRs indicate more power is loaded to the information-bearing signals rather 

than the carrier, leading to the OSNR improvement. At each optimal CSPR, after 

transmission over 40- and 160-km SSMF, the OSNR can be improved by 1.9 and 1.7 

dB, respectively. Besides, as illustrated in Fig.  5.5 (b) at low CSPRs the required 

OSNR for the conventional KK receiver increases as the transmission distance 

increases, and the enhanced SSBI mitigation scheme can improve the OSNR 

sensitivity compared with that of the conventional KK receiver. In terms of 

computational complexity, the requirement of proposed scheme is higher than that of 

KK receiver, as symbol decision and SSBI reconstruction are needed in this scheme. 

One approach to reduce the computational complexity is estimating SSBI without 

making symbol decisions.   

In conclusion, when the minimum phase condition is violated at low CSPRs KK 

algorithm cannot recover the optical field accurately, and the proposed enhanced SSBI 

mitigation can effectively reduce the CSPR by 2-3 dB compared to that for the 

conventional KK receiver. 

5.3. Virtual CSPR enhancement 

Since the KK receiver requires a high CSPR to meet minimum phase condition, 

generally a strong carrier is generated at the transmitter side and propagates along with 

the signal, which inevitably limits the power of information-bearing signal. The 

alternative solution can be generating the carrier at the receiver using another laser 

source, and this approach definitely increases the system cost. Another choice is 

splitting the carrier and information-bearing signal using multi-core fiber or two 

separate SMF [168], while one separate path to accommodate the carrier inherently 

increases the system complexity. For the various optical field recovery direct detection 

schemes shown in Table 4.2, the required CSPR ranges from 9 dB to 15 dB after 

transmission over the fiber. As adopting a low CSPR may sacrifice the system 

performance, one solution is transmitting the signals with the low CSPR at the 

transmitter while enhancing the carrier power digitally at the receiver side. 
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Correspondingly, the virtual CSPR enhancement was proposed to relax the 

requirement of high CSPRs at the transmitter side. 

The signal processing procedure can be elaborated as two stages. The first stage is 

obtaining the preliminary symbol decisions via conventional KK relations. Then the 

second stage is adding DC and reconstructing SSBI terms using preliminary symbol 

decisions to realize the virtual CSPR enhancement. Specifically, the carrier and 

information-bearing signals are denoted as 𝐶  and 𝑆 , respectively. At low CSPRs, 

signals are distorted due to the violation of minimum phase condition, distorted signals 

are denoted as 𝑆′ , which are the preliminary symbol decisions given by the KK 

algorithm. To achieve a high CSPR at the receiver, the reconstructed received 

photocurrent 𝐼′ is given by 

 

2

2 2 *2 Re( )

I CSPR C S
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 =   +

=   + +  
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where ∆𝐶𝑆𝑃𝑅 (e.g., >1) is the virtual CSPR increment in decimal format, and Re(·) 

denotes the real part of a complex value. The original photocurrent 𝐼  is shown in 

Eq.(3.9), when the CSPR of signals increases by ∆𝐶𝑆𝑃𝑅, 𝐼′  is used to denote the 

photocurrent of signals with CSPR increment of ∆𝐶𝑆𝑃𝑅. 𝐼′ can be estimated using the 

known original photocurrent 𝐼 and preliminary symbol decisions 𝑆′ as follows 
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As such, the photocurrent with increased CSPR is obtained. This approach virtually 

increases the CSPR at the receiver, and hence avoids the issue of nonlinearity due to 

the strong carrier. Meanwhile, when the CSPR is not sufficiently high to fully satisfy 

the minimum phase condition for the conventional KK receiver, this virtual CSPR 

enhancement can enable the accurate optical field recovery at low CSPRs. 
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The DSP flow chart is presented in Fig.  5.6, where the core of this scheme is the 

signal regeneration using the formula shown in Eq. (5.7). The variable of signal 

regeneration is the CSPR increment, which is swept from 1 to 5 dB to figure out the 

optimal value. The experimental setup is same as Fig.  3.10, and the experimental 

results are depicted in Fig.  5.7. 

At the BER threshold of 1×10-3, the OSNR sensitivity and the corresponding 

optimal ∆𝐶𝑆𝑃𝑅 as a function of original CSPR are shown in Fig.  5.7, where the 

original CSPR, namely, the CSPR at the transmitter side is denoted as 𝐶𝑆𝑃𝑅0. The 

secondary vertical axis of Fig.  5.7 is the optimal ∆𝐶𝑆𝑃𝑅, which only applies to the 

proposed virtual CSPR enhancement scheme. From Fig.  5.7 it can be seen that ∆𝐶𝑆𝑃𝑅 

is not the higher the better, that is because the regenerated signals are based on the 

Fig.  5.6 DSP flow chart for the proposed virtual CSPR enhancement scheme. 

Fig.  5.7 Required OSNR and optimal ∆CSPR as a function of original CSPR in the btb 

configuration. 



99 

 

preliminary symbol decisions which may contain some errors, and the decision error 

propagation would be amplified by a large ∆𝐶𝑆𝑃𝑅, which leads to the degradation of 

system performance when the CSPR increment is too large. As such, the optimal CSPR 

increment indicates the balance between the improvement of system performance 

given by the digitally increased CSPR and symbol decision error propagation. In the 

btb circumstance, the optimal increment of CSPR is from 0 to 2 dB, depending on the 

original CSPRs. When the original CSPR is low (e.g., 4-5 dB), an increment CSPR of 

2 dB can evidently improve the BER performance. At high CSPR regions (e.g., 𝐶𝑆𝑃𝑅0> 

5dB), the optimal ∆𝐶𝑆𝑃𝑅 is lower than those at low CSPR regions. This phenomenon 

is attributed to the fact that at low CSPRs the minimum phase condition required by 

KK receiver is not fully satisfied, and the virtual CSPR increment at the receiver can 

compensate the penalty induced by the violation of minimum phase condition. While 

at high CSPRs, the predominant limitation of system performance is SNR rather than 

the penalty induced by not fully satisfying minimum phase condition. As such, when 

the original CSPR is sufficiently large, the virtual increase of CSPR is not an effective 

approach to improve the performance, which is verified by the fact that when the CSPR 

is larger than 9 dB, the optimal ∆𝐶𝑆𝑃𝑅 is 0 and the virtual CSPR enhancement scheme 

has the same performance as conventional KK receiver. It is worth noting that the 

optimal CSPR for the conventional KK receiver is 6 dB, however, the virtual CSPR 

enhancement scheme can provide the OSNR sensitivity improvement of 0.6 dB, 

indicating that 6-dB CSPR does not fully satisfy the minimum phase condition.  

Instead, this value is the compromise between the strict satisfaction of minimum phase 

condition and the system performance degradation induced by the high CSPR. 

Therefore, the proposed virtual CSPR enhancement scheme has been demonstrated to 

exploit the potential improvement of system performance. 

As discussed in Chapter 3, the KK receiver requires a higher CSPR after 

transmission over the fiber than that in the btb condition. The proposed virtual CSPR 

enhancement scheme is implemented to verify the effectiveness of reducing CSPRs. 

Fig.  5.8 presents the required OSNR and optimal ∆CSPR for both conventional and 

proposed schemes after 160-km transmission. Compared to the optimal CSPR of 6 dB 
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 for the KK receiver in the btb condition, the optimal CSPR increases to 10 dB after 

160-km transmission, indicating that KK receiver is sensitive to CD. For conventional 

KK receiver, the OSNR sensitivity degrades by 2.3 dB after 160-km transmission with 

each optimal CSPR (e.g., 6-dB CSPR for the btb, and 10-dB CSPR for the transmission 

case). For the proposed virtual CSPR enhancement scheme, the optimal increment of 

CSPR can be up to 4 dB at low 𝐶𝑆𝑃𝑅0 regions, and ∆𝐶𝑆𝑃𝑅 gradually decreases as the 

𝐶𝑆𝑃𝑅0 increases, and the virtual CSPR enhancement scheme does not improve the 

system performance when 𝐶𝑆𝑃𝑅0  is larger than 12 dB. It is worth noting that the 

optimal ∆𝐶𝑆𝑃𝑅 shown in Fig.  5.8 is generally larger than that at btb. This is because 

after transmission the PAPR of signal increases due to CD impacts, the minimum 

phase condition is violated at the receiver, and the results shown in Fig.  5.8 indicate 

the proposed signal regeneration with the CSPR increment can effectively alleviate the 

requirement of high CSPR. The optimal CSPR using the proposed virtual CSPR 

enhancement is 7 dB as shown in Fig.  5.8, which is 3 dB lower than that for KK 

receiver, and the OSNR sensitivity is improved by 2.1 dB compared to the 

conventional KK receiver. 

Fig.  5.8 Required OSNR and optimal ∆CSPR as a function of original CSPR after 160-km 

transmission. 
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To sum up, the proposed virtual CSPR enhancement scheme has presented the 

capability of relaxing requirement of high CSPRs, and the optimal CSPR can be 

reduced by 3 dB, with the OSNR improvement of 2.1 dB. 

5.4. Power loading scheme for CADD 

In the previous two sections, algorithms of reducing required CSPR for SSB based 

direct detection have been elaborated, and this section concentrates on the CSPR 

reduction scheme for the DSB based scheme, which is power loading scheme for 

CADD. 

One unique feature of CADD is the nonuniform transfer function, which shapes 

the SNR curves as illustrated in Fig.  4.11. In the vicinity of zero frequency, the SNR 

is generally lower than that in the high frequency regions, and the decision errors made 

for the low-frequency subcarriers are propagated to the SSBI reconstructed process, 

Fig.  5.9  BER performance versus OSNR for the CADD receiver with uniform power 

loading. 
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leading to the error propagation. The decision errors in low frequency regions are 

partially due to the severe SSBI, and hence to combat the SSBI, more power can be 

allocated in the low frequency region to enable the relatively accurate symbol 

decisions, which lead to the system performance improvement with a low CSPR. 

For the 25-Gbaud QAM16 OFDM signals with 5% guard band, the simulated 

system performance using various CSPRs is shown in Fig.  5.9, where subcarriers 

carrying data are with the same loaded power, namely, the uniform power loading. For 

the 6-dB CSPR, there exists the error floor and it cannot reach the BER threshold of 

1×10-3. The optimal CSPR is found to be 9 dB for the uniform power loading 

circumstance. With merely 2 dB lower than the optimal CSPR, 7-dB case is evidently 

inferior to the 9-dB CSPR, and OSNR sensitivity is 35.9 dB and 30.8 dB for the 7- and 

9-dB CSPR cases, respectively. At the BER threshold of 1×10-3, the required OSNR 

for each CSPR is shown in Fig.  5.10. When the CSPR is larger than 9 dB the higher 

CSPR does not provide the performance improvement, as the system is limited by the 

optical noise rather than SSBI. Since it is desirable to load power on information-

bearing signals rather than the carrier, it is preferable to enable CADD receiver work 

properly at low CSPRs (e.g., 7-dB CSPR). One effective approach is loading 

nonuniform power according to the colored SNR curve as shown in Fig.  4.11 to 

combat SSBI. 

Fig.  5.10 Required OSNR for each CSPR. 
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Although the SSBI distortions are more severe in the vicinity of zero-frequency 

region, the guard band cannot be too wide because of the valued spectral efficiency. 

With the unchanged spectral efficiency, the solution is loading more power on the 

signals in the low-frequency region than those in the high-frequency region. As the 

spectrum of SSBI is ‘triangular’, the loading scheme is triangular power loading as 

illustrated in Fig.  5.11. As such, two parameters need to be determined: (1) the 

bandwidth of the frequency region to load more power, (2) the increment of power to 

load. It is worth noting that some other functions beyond the ‘triangular’ shape can be 

adopted, however, the triangular loading scheme is deemed to the simplest one. 

Simulation is conducted to demonstrate the effectiveness of this proposed 

triangular power loading scheme. For the 25-Gbaud QAM16 OFDM signal with 5 % 

gap, 7-dB CSPR is adopted to investigate the system performance improvement given 

by the nonuniform power loading scheme at a low CSPR example. To identify the 

optimal bandwidth of frequency region to load ‘triangular’ like power, the amplitude 

of the signal in the subcarrier nearest to the carrier is set to be twice than the other 

subcarriers with no triangular power loading, corresponding to 6 dB in power, and then 

linearly decreases to the amplitude of subcarriers with no triangular power loading. 

The optimization of the frequency region bandwidth to conduct triangular power is 

shown in Fig.  5.12. For example, the bandwidth of 2.5 GHz shown in the legend of 

Fig.  5.12 indicates the subcarrier occupying 2.5 GHz in each sideband are with 

triangular power loading, in other words, for 25 Gbaud signals with 5% guard band 

Fig.  5.11 Schematic diagram of triangular power loading scheme. 𝑆𝑙 and 𝑆𝑢 are lower and 

upper sideband signals, respectively. 
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the subcarriers in the frequency region of [-3.125 GHz, -0.625 GHz] and [0.625 GHz, 

3.125 GHz] are implemented with triangular power loading. It can be found that the 

triangular power loading is generally superior to the conventional uniform power 

loading. The optimal bandwidth to conduct triangular power loading is found to be 

3.75 GHz. However, the optimal bandwidth is no longer 3.75 GHz when the increment 

of amplitude changes, as the optimal system performance depends on the interplay 

between the bandwidth and increment of amplitude.  

The jointly optimized increment of amplitude and bandwidth for the proposed 

triangular power loading scheme is shown in Fig.  5.13. For example, the amplitude of 

4.5 indicates the amplitude of the subcarrier nearest to the guard band is 4.5 times that 

of the subcarriers without triangular power loading, and the triangular power loading 

scheme follows the diagram shown in Fig.  5.11. When the increment of amplitude is 

small, the optimal bandwidth needs to be relatively large. That is because for the 

narrow guard band (e.g., merely 5% of the signal bandwidth) signals cannot be fully 

    Fig.  5.12 Optimization of bandwidth of the frequency region to implement triangular power 

loading. 
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allocated in the SSBI suppression region, and the SSBI is severe in the low-frequency 

region, as such, the bandwidth which is with triangular power loading to combat SSBI 

is large. At the BER threshold of 1×10-3, several combinations of amplitude and 

bandwidth can achieve the OSNR sensitivity of lower than 30 dB. While for the 

uniform loading cases with various CSPRs shown in Fig.  5.9, no OSNR sensitivity 

lower than 30 dB is obtained. Besides, the optimal CSPR for uniform power loading 

scheme is 9 dB, while the optimal triangular power loading is implemented with the 

CSPR of 7 dB which is 2 dB lower, meanwhile, prominent OSNR sensitivity 

improvement is achieved. This is because the 7-dB CSPR for the uniform power 

loading is not sufficiently high to mitigate and combat SSBI distortions, and the 

subcarriers in the low frequency region possess low SNRs as depicted in Fig.  4.11. 

The low-SNR subcarriers provide symbol decisions with relatively low accuracy, and 

the error propagation exists while reconstructing and mitigating SSBI. As such, the 

CADD receiver does not work properly at low CSPRs. By adopting the proposed 

triangular power loading scheme, even 7-dB CSPR presents superior performance with 

the OSNR sensitivity of 29.8 dB at the BER threshold of 1×10-3.  

Fig.  5.13 Joint optimization of amplitude and bandwidth for the triangular power loading. 
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It has been demonstrated that CADD receiver can work properly at 7-dB CSPR 

using proposed triangular power loading scheme, however, the 7-dB CSPR is not 

optimal for CADD receiver as shown in Fig.  5.9. Beyond the scope of CSPR reduction, 

to further investigate the OSNR improvement merely given by triangular power 

loading scheme (e.g., using the same CSPR as the uniform power loading scheme), the 

9-dB CSPR condition is studied. Analogous to the optimization of bandwidth and 

increment of amplitude procedure, the optimal parameters are first obtained for the 9-

dB CSPR, and the SNR versus frequency using the triangular power loading is 

depicted in Fig.  5.14. 

With the aid of triangular power loading, the severe SNR fading induced by both 

SSBI characteristic and transfer function of CADD receiver has been remarkably 

alleviated. As shown in Fig.  5.14, the SNR curve of no iteration is not even over the 

signal frequency, while due to the nonuniform power loading the SNR in the vicinity 

of guard band is slightly improved. As the iterations are carried out, SNR gradually 

increases and the averaged SNR after four iterations is 16.64 dB, while the averaged 

SNR for the uniform power loading 16.15 dB.  This phenomenon verifies the fact that 

the triangular power loading is effective in improving the overall system performance 

rather than blindly enhancing the subcarriers in the low-frequency region and 

sacrificing the SNR at high frequency. The principle is that triangular power loading 

Fig.  5.14 SNR versus frequency for 25Gbaud signals with 5% frequency gap with triangular 

power loading @ optical delay=60 ps, CSPR=9 dB, and OSNR=28 dB. 
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enables low-frequency subcarriers with relatively more power, which is favorable to 

make accurate symbol decisions. As such, the error propagation issues are alleviated, 

and SSBI can be mitigated more effectively using more accurate symbol decisions in 

an iterative manner. Since SSBI distortions are regarded as ‘noise’, when noise is more 

effectively removed signals with less SSBI possess higher SNRs. For the subcarriers 

in the high-frequency region, although the SNR slightly decreases since the power is 

compromised to enhance low-frequency subcarriers, the slightly decreased SNR does 

not affect to make correct symbol decisions via deliberately tuning the parameters used 

in triangular power loading scheme. Another phenomenon is that SNR curve using 

triangular power loading is generally even after four iterations compared to the colored 

SNR curve shown in Fig.  4.11. This is because the simple but deliberately tuned 

triangular shaped power loading complements the transfer function of CADD receiver, 

and the fading SNR shaped by transfer function can be compensated by the enhanced 

signal power loading. The BER performance as a function of OSNR is depicted in Fig.  

5.15(a), and the uniform power loading case is also presented as a reference. At the 

BER threshold of 1×10-3, the OSNR sensitivity improvement is 2.7 dB. Besides, the 

mutual information versus OSNR is presented in Fig.  5.15(b) to evaluate the 

Fig.  5.15 (a) BER versus OSNR. (b) Mutual information versus OSNR for uniform and triangular 

power loading. 
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improvement of system capacity via adopting the proposed triangular power loading 

scheme. 

To conclude, the proposed triangular power loading enables the CADD receiver 

to work at low CSPRs. The averaged SNR over the signal bandwidth is improved, and 

the severe SNR fading issue is predominantly alleviated via triangular power loading 

scheme. 
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 Conclusions 

6.1. Summary of this work 

The recent decade has witnessed the rapid development of high-capacity short- to 

medium-reach optical networks, and accordingly, a cost-effective detection scheme 

with optical field recovery is on demand. The conventional IMDD system has the 

disadvantage of CD induced power fading, while the conventional coherent detection 

is so far not a promising solution for cost-sensitive transports. In this thesis, various 

novel low-cost direct detection schemes with the field recovery have been studied and 

proposed, and hence elongate the transmission distance compared with the traditional 

intensity-only detection schemes.   

6.1.1. Field recovery of SSB signal 

Due to the square-law detection, the folding issue between the lower and upper 

sideband signals poses the problem on the direct detection of intensity-modulated 

signals. As such, the direct detection enabled field recovery of complex-valued signal 

was initially designed to fit for SSB signals, where one sideband carries the data with 

the other truncated. The recently proposed KK and IC receivers are two representatives 

of direct detection schemes with optical field recovery, and the corresponding 

modulation formats for each scheme have been studied. Both single-carrier and multi-

carrier signals have been adopted for KK and IC receiver schemes, and results show 

that single-carrier modulation is the better fit for the KK receiver, as the low PAPR of 

single-carrier signals is favorable for the minimum phase condition required by the 

KK relations. While for the IC receiver, the OFDM signal possesses the superior 

performance to the single-carrier signal due to its low correlation between 

reconstructed SSBI and symbol decisions. This is because the symbol decisions are 

made in the frequency domain for OFDM signals and SSBI is formed in the time 

domain. Besides, CD impacts on KK and IC receiver are investigated. Both simulation 

and experimental demonstrations show that KK receiver is sensitive to CD, namely, 

the KK receiver requires a higher CSPR as the transmission distance increases and the 
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IC receiver is robust against the CD impacts. As KK receiver is designed for the short- 

to medium-reach transports, the first-order PMD impacts on KK receiver are also 

studied. Although single-polarization signals are adopted for the KK receiver, the 

frequency-dependent PMD effects may degrade the system performance. However, 

results show that PMD is a minor factor for the short-reach transmission using KK 

receivers. 

6.1.2. Field recovery of DSB signal 

Although the field recovery of SSB signals has been extensively investigated, the 

required receiver bandwidth generally needs to be the same as the signal bandwidth. 

In other words, to detect the signal with the bandwidth of B, the required receiver 

bandwidth is B. Analogous to the fact that homodyne receiver is more widely 

implemented over heterodyne receiver in coherent detection, the required receiver 

bandwidth is a major concern for the cost of optical transports. As such, it is highly 

desirable to relax the requirement of receiver bandwidth, for example, to detect signal 

bandwidth of B with the required receiver bandwidth of B/2. Correspondingly, a direct 

detection scheme called CADD fitting for DSB signals is worth investigating. The 

working principle of the CADD scheme along with the algorithm of recovering the 

field of DSB signals has been elaborated, and various parameters including the 

bandwidth of inserted frequency gap, length of optical delay, and CSPR have been 

optimized via simulations. For the same bit rate, the required receiver bandwidth 

comparison of DSB based coherent and CADD schemes and various SSB based 

schemes have been conducted. Although the proposed CADD scheme requires higher 

receiver bandwidth than that of homodyne coherent detection mainly due to the small 

frequency gap and high CSPR, CADD is superior to the other SSB direct detection 

schemes in terms of electrical spectral efficiency. Regarding the practical 

implementation of CADD scheme, since the IQ modulator is utilized, one concern is 

the IQ mismatch. Both amplitude and phase mismatch impacts on CADD are studied, 

and results show that even though the IQ imbalance degrades the performance of 

CADD scheme as a whole, the imperfection of IQ paths does not affect the 

effectiveness of SSBI iterative cancellation.   
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6.1.3. Techniques of reducing CSPR 

For both above-mentioned SSB and DSB signal direct detection schemes, a strong 

carrier is required to obtain the replica of signals while suppressing the impacts of 

SSBI. However, no information is loaded on the carrier and hence the strong carrier 

indicates the sacrifice of power efficiency. To reduce the required carrier power, 

namely, reduce the CSPR, three schemes have been proposed for SSB and DSB direct 

detection schemes. For SSB signals, the proposed enhanced SSBI mitigation scheme 

is conducting the consequent SSBI reconstruction and cancellation after employing 

KK relations, and hence enables the improved performance with lower CSPRs. 

Besides, the CSPR can be virtually enhanced at the receiver side, which refers to the 

virtual CSPR enhancement scheme. Both schemes based on SSB signals can 

effectively reduce the optimal CSPR by 2 to 3 dB. For DSB signal based CADD 

scheme, a simple but effective power loading scheme has been proposed to enhance 

the low-frequency subcarrier performance. The proposed triangular power loading 

scheme enables relatively accurate symbol decisions, which is beneficial for SSBI 

reconstruction and mitigation. Therefore, the requirement of high CSPR is alleviated. 

Results show that the optimal CSPR of 9 dB for the conventional CADD scheme can 

be reduced to 7 dB with prominent OSNR improvement.   

6.2. Future work and perspectives  

Given the prevalence of data centers, the short- to medium-reach high-capacity 

transmission links with low cost will be in great demand. To break the bottleneck of 

limited transmission distance for conventional IMDD system and complicated receiver 

structure for coherent detection, novel cost-effective direct detection schemes with 

field recovery will be promising solutions in the near future. Accordingly, the gap 

between conventional coherent and direct detection will be narrowed.  

  Given that the spectral efficiency is a valued resource, the null sideband for SSB 

signals and the frequency gap inserted in the vicinity of carrier for DSB signals leave 

the room for improvement. From the perspective of the carrier power, more DSP 

techniques of reducing the carrier power is expected. As to the receiver structure, a 
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simplification of the CADD structure will be desirable. One example is the reduction 

of one ADC as presented in [169].   

Besides, to further increase the system capacity, the modulation and transmission 

beyond one single mode in fiber combined with direct detection can be a future 

research topic. Furthermore, the IQ modulator used in the CADD scheme still has 

issues in its cost and the bulky size for short-reach links. As such, the possibility of 

generating IQ signals using DMLs combined with direct detection at the receiver side 

is worthy of exploration. 
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Appendix A: Acronyms 

ADC  analog to digital converter 

APD  avalanche photodiode 

ASE  amplified spontaneous emission 

BPD  balanced photodiode 

CADD  carrier assisted differential detection 

CD  chromatic dispersion 

CP  cyclic prefix 

CSPR  carrier-to-signal power ratio 

CW  continuous wave 

DAC  digital to analog converter 

DCF  dispersion compensation fiber 

DCI  data center interconnect 

DFB  distributed feedback 

DGD  differential group delay 

DML  directly modulated laser 

DSB  double sideband 

DSF  dispersion shifted fiber 

DSP  digital signal processing 

EAM   electro-absorption modulator 

ECL  external cavity laser 

EDC  electronic dispersion compensation 
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EDFA  Erbium-doped fiber amplifier 

EML  electro-absorption modulated laser 

FBG  fiber Bragg grating 

FFT  fast Fourier transform 

FP  Fabry-perot 

FWM  four wave mixing 

GS  Gerchberg-Saxton 

GVD  group velocity dispersion 

IC  iterative cancellation 

IFFT  inverse fast Fourier transform 

IoT  Internet of things 

IQ  in-phase/quadrature 

KK  Kramers-Kronig 

LO  local oscillator 

MI  mutual information 

MMF  multi-mode fiber 

MRR  micro ring resonator 

MZM  Mach-Zehnder modulator 

M2M  machine-to-machine 

OHT  optical Hilbert transformer 

OFDM  orthogonal frequency division multiplexing 

OOK  on–off keying 
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OSNR  optical signal-to-noise ratio 

PAM  pulse amplitude modulation 

PBC  polarization beam combiner 

PC  polarization controller 

PD  photodetector 

PIC  photonics integrated circuit 

PMD  polarization mode dispersion 

PON  passive optical network 

QAM  quadrature amplitude modulation 

SMF  single-mode fiber 

SNR  signal-to-noise ratio 

SOA  semiconductor optical amplifier 

SSB  single sideband 

SSBI  signal-signal beat interference  

SSMF  standard single-mode fiber 

TIA  transimpedance amplifier 

TIE  transport-of-intensity equation 

TEC  thermoelectric cooler 

VCSEL vertical cavity surface emitting laser 

WDM  wave division multiplexing 
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