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Abstract 

 

 
The need to satisfy bandwidth-hungry applications with a growing number of internet users 

has raised the requirements for capacity and reach in optical communication systems. Recent 

advances in field modulation and digital coherent detection enabled applications in long- and 

medium-reach systems. For short-reach systems, such as intra- and inter-data center 

connections, solutions which consider their sensitivity to both cost and system complexity are 

required. Systems based on intensity modulation and direct detection (IM/DD) are good 

candidates to fulfill the requirements of many short-reach applications. In an IM/DD channel, 

chromatic dispersion and the dispersion-induced frequency-selective power fading are major 

issues which limit the system performance. The primary objective of this research is to enhance 

the transmission performance in IM/DD systems, with a focus on using a transmitter based on 

a directly-modulated laser (DML). The capacity and reach of an IM/DD system are improved 

by employing higher-order modulation formats and mitigating chromatic dispersion and the 

resulting frequency-selective power fading. 

For this purpose, two main approaches are investigated by simulation. In both approaches, 

higher-order modulation formats are enabled by employing subcarrier modulation (SCM) with 

a transmitter based on the direct modulation of a 10 Gb/s commercial packaged laser. For 

modeling the laser, a rate-equations model is adopted. The values of the rate equations 
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parameters and the elements in an equivalent circuit model for the electrical interface are 

extracted based on a series of measurements using a comprehensive procedure. 

In the first approach, several radio frequency (RF) channels using the same modulation format 

are multiplexed before driving the DML. The frequency-selective power fading is mitigated by 

optimizing the modulation conditions of the DML and employing power loading of the RF 

channels. Using a practical two-tone test and the received signal-to-noise-and-distortion ratios, 

an iterative procedure is presented to calculate the required power loading which equalizes the 

performance of the channels. In the second approach, vestigial sideband transmission is 

employed to mitigate the frequency-selective power fading of the channel. The use of the 

Kramers-Kronig (KK) receiver with a DML is validated, and the KK receiver is utilized to 

enhance the system performance with the compensation of chromatic dispersion in single-

channel transmission. 
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Chapter 1 
 

 

Introduction 
 

 
Traditionally, fiber optic communications focused on delivering high-speed data over very long 

distances across the globe, which is referred to as long-reach optical networks. Recently, 

motivated by the increasing demand for high-speed connections, the deployment of optical 

technology has been also adopted in medium- and short-reach communication networks.  

Typically, long-reach optical networks have transmission distances between 600-10000 km, 

while short-reach optical networks refer to optical communication links with transmission 

distances between few hundreds of meters to several tens of kilometers. In between the two are 

metro optical networks. The main examples of short-reach optical networks are access 

networks and data center (DC) networks.  

Access networks refer to the links between end users (residential and small-to-medium 

businesses) and outermost switching offices of network providers. On the other hand, DC 

networks can be intra- or inter-DC networks. Intra-DC networks are short-range networks 

which connect servers within a DC as depicted in Figure 1.1. With their short transmission 

distances of less than 300 meters, they are usually implemented using multi-mode fibers 

(MMFs). Inter-DC networks refer to the links between DCs. They have long ranges reaching 
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transmission distances up to 40 km. Therefore, they are implemented using standard single-

mode fibers (SSMFs). The range of these networks is expected to be extended in the near future 

to cover transmission distances up to 80 km [1]. 

 

 

Figure 1.1. The length scale of inter- and intra-DC short-reach optical networks [1], © 2018, 

IEEE. 

 

Recent Cisco reports predict that the global DC internet protocol (IP) traffic to reach 15.3 

zettabytes (ZB) in 2020, up from 4.7 ZB in 2015 [2]. With a 3-fold growth in only 5 years, this 

confirms the importance of short-reach networks, particularly in DC applications. The number 

of internet users is predicted to reach 5.3 billion (66 percent of global population) by 2023, up 

from 3.9 billion internet users (51 percent of global population) in 2018 [3]. The number of 

devices connected to IP networks will be more than three times the global population by 2023, 

reaching an astonishing number of 29.3 billion devices. Content providers such as Facebook, 

Amazon and Google have invested heavily in their own infrastructure and overtaken traditional 

telecommunication carriers as market drivers for optical transceivers, especially for short-reach 

networks. 
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This explosive growth in the number of internet users and connected devices necessitates 

enhancing system performance of communication networks not only in the long-haul segment, 

but also in the metro and short-reach segments simultaneously. In the same time, short-reach 

networks have unique challenges such as the size of form factors of transceivers. The form 

factor becomes more important in DC applications as it significantly affects port density and 

rack size which translates into the overall size of a DC. Other challenges relate to the cost and 

complexity of optical transceivers. Therefore, components such as a vertical-cavity surface-

emitting laser (VCSEL), directly-modulated laser (DML) and electro-absorption modulator 

(EAM) are preferred at the transmitter side over components such as MachïZehnder modulator 

(MZM). However, these low-cost components produce non-idealities resulting in transmission 

impairments specific to short-reach systems. For example, the direct modulation of a laser 

produces frequency chirp in the modulated signal which results in enhancing the effect of 

chromatic dispersion (CD) and thus limiting the transmission distance. At the receiver side, 

direct detection (DD) is preferred over coherent detection. This also results in challenges due 

to the nonlinear nature of square-law detection. 

The research presented in this thesis is motivated by the need for higher bit rates and longer 

transmission distances in short-reach optical communication links. The focus is on utilizing 

higher-order modulation formats and maximize the reach in a DML/DD unamplified link with 

target transmission distances > 20 km. The main challenge to achieve this goal in a DML/DD 

system is the dispersion-induced frequency-selective power fading. Two approaches are used 

to overcome this challenge. In the first approach, frequency division multiplexing is used with 

power loading to adapt the power of the subchannels at the input of the DML to the channel 

characteristics as will be detailed in Chapter 4. In the second approach, the problem of 



4 

 

frequency selective power fading is mitigated by using vestigial sideband transmission with 

the Kramers-Kronig (KK) receiver as will be detailed in Chapter 5. 

 

1.1    Contributions 

Two journal papers are the outcome of the research presented in this thesis: 

[J1] Nebras Deb, and John C. Cartledge. "Employing signal-to-noise-and-distortion ratio for 

power loading of a directly modulated laser in an FDM system." Optics Communications 475 

(2020): 126195. 

[J2] Nebras Deb, and John C. Cartledge. "Employing a Kramers-Kronig receiver with a 

directly-modulated laser." Optics Communications (2020): 126472. 

 

The main contributions of this PhD research are listed as follows: 

¶ For the direct modulation of a laser using frequency division multiplexed (FDM) 

channels, an iterative procedure is presented for power loading based on the signal-

to-noise-and-distortion ratio. The power of nonlinear distortion arising from the 

modulation dynamics of the laser and dispersive transmission combined with direct 

detection is estimated using a two-tone test with the power being determined within 

the receiver bandwidth for each FDM channel. This allows the signal distortion to be 

isolated and provides a generic result that avoids having to specify the modulation 

format and execute system-level simulations. The noise arising from the receiver 

front-end is described by an equivalent thermal noise. Given the importance of 

accurately modelling the modulation response of the laser, values for the parameters 

in the rate equations and the elements in an equivalent circuit model for the electrical 
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interface are extracted based on a series of measurements. The power loading 

procedure is tested numerically with 16 FDM channels using 8-ary phase shift keying 

(8-PSK), 16-ary quadrature amplitude modulation (16-QAM), or 32-QAM. The 

resulting FDM signal is transmitted over 30 km of SSMF followed by direct detection. 

In the case of using 16-QAM, 60.8 Gb/s transmission is achieved, and despite the 

frequency-selective power fading, all channels perform under the target bit error ratio 

of 3.8³10-3. This limit represents the pre-forward error correction (FEC) requirement 

with a 7% overhead. Moreover, the robustness of the power loading profile is 

evaluated by changing the transmission distance while using a profile optimized for a 

specific distance. 

¶ Much of the work on using the KK receiver have relied on transmitters using external 

cavity lasers and external modulators. Alternatively, a DML-based transmitter can be 

used with the KK receiver. Such a scheme has not been investigated, particularly in 

terms of the accompanying advantages and trade-offs. In addition, this scheme paves 

the way for a wider application of the KK receiver in DML-based systems with 

reduced cost and complexity. Here, the validity of the KK receiver in a DML/DD 

system is demonstrated by considering a linear contribution to the optical phase arising 

from a numerical solution of the laser rate equations as a frequency shift of the optical 

spectrum. The modulated optical signal with a large enough carrier-to-signal-power 

ratio (CSPR) could then meet the minimum-phase condition required by the KK 

algorithm. Using simulation, a system model is presented based on the direct 

modulation of a 10 Gb/s distributed feedback laser with 16-QAM subcarrier 

modulation. The modulated signal is optically filtered, and a 53.5 Gb/s vestigial 
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sideband signal is transmitted over 65 km of SSMF. CD compensation is applied after 

direct detection with a KK receiver. In addition, the impact of the optical filter 

parameters and receiver sampling rate on system performance are investigated. 

 

1.2    Organization of Thesis 

The thesis is organized as follows: 

¶ Chapter 2: Major impairments and a review of the most common approaches to enable 

higher-order modulation formats in short-reach optical networks. 

¶ Chapter 3: Description of the laser model and the procedure to extract the rate equation 

parameters and the elements in an equivalent circuit model for the electrical interface. 

¶ Chapter 4: Employing signal-to-noise-and-distortion ratio for power loading of the 

DML in an FDM system. This chapter is based on [J1]. 

¶ Chapter 5: Employing KK receiver for dispersion compensation in a DML/DD system. 

This chapter is based on [J2]. 

¶ Chapter 6: Summary of the thesis and future work.  
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Chapter 2 

 

Short-Reach Optical Networks: Modulation 

Formats and Major Impairments 

 

2.1    Major impairments in short -reach optical networks 

Signals travelling through optical fibers suffer from fiber impairments which degrade the 

original signals. The fiber impairments can be divided into two classes: linear impairments and 

nonlinear impairments. When the launched power level into the fiber is moderate, in the 

milliwatt range, optical communication networks experience linear effects: attenuation and 

fiber dispersion. Fiber dispersion includes CD, polarization-mode dispersion and modal 

dispersion. Increasing the launched power can lead to nonlinear effects in the fiber. Nonlinear 

effects in optical fibers originate from the intensity dependence of the refractive index of the 

fiber and include self-phase modulation, cross-phase modulation, and four-wave mixing.  

Generally, with relatively low-level launched powers and transmission distances < 100 km, 

nonlinear effects may be neglected in short-reach optical networks [1]. Besides attenuation, 

fiber dispersion is the most important linear impairment that limits the performance of signals. 

The work introduced in this thesis employs SSMFs and DD with a single photodetector (PD), 

therefore, we will focus on fiber chromatic dispersion only. 
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2.1.1    Attenuation 

Light travelling in an optical fiber loses power over distance which is mainly caused by material 

absorption and Rayleigh scattering [4]. The former is affected by the level of impurity in the 

fiber. The latter is caused by local fluctuation of the refractive index. Attenuation in fiber optic 

systems is expressed by the attenuation coefficient ‌ measured in Np/m. If ὖ (Watts) is the 

launch power at the input of a fiber, and the power of the optical signal after a propagation 

distance ᾀ is ὖᾀ, then: 

 

 ὖᾀ ὖὩὼὴ‌ᾀ                   (2.1) 

 

which means that the power of the optical signal decreases exponentially during the 

propagation. It is customary to express ‌ in units of dB/km by using the relation: 

 

‌ τȢστσ‌                    (2.2) 

 

In the wavelength range around 1550 nm corresponding to the C-band, the attenuation of a 

SSMF is around 0.2 dB/km. 

2.1.2    Chromatic Dispersion 

Chromatic dispersion accounts for both material and waveguide dispersion [4], and is 

manifested as a frequency dependent propagation constant ‍‫ , which can be approximated 

by a Taylor series expansion around the carrier frequency ‫ ς“Ὢ: 

 

‍‫ ‍ ‫ ‫ ‍ ‫ ‫ ‍ ‫ ‫ ‍ Ễ               (2.3) 

 

The constant ‍ ‍‫  and: 



9 

 

‍ ά ρȟςȟȣ                                                                                      (2.4) 

 

Here, terms with ά σ can be neglected assuming the so called slowly varying envelope 

approximation of the electrical field, since the optical signal bandwidth ɝis considerably ‫ 

small relative to the carrier frequency ‫  [4]. ‍ is of particular interest and is known as the 

group velocity dispersion. Conventionally, the dispersion parameter Ὀ is defined in terms of 

‍ as: 

 

Ὀ ‍                    (2.5) 

 

where ὧ is the speed of light in vacuum and ‗ is the optical carrier wavelength. For a SSMF, 

the parameter Ὀ is wavelength dependent and takes a value between 16 ps/nm/km and 17 

ps/nm/km in the C-band. Mathematically, the transfer function of the optical fiber due to 

chromatic dispersion only can be expressed as [5]: 

 

Ὄ ‫ ÅØÐὮ                   (2.6) 

 

where ὒ is the length of the fiber. Clearly, Ὄ ‫  represents a phase-only transfer function 

that applies different phase shifts to the different frequency components of the transmitted 

signal. Therefore, the frequency components travel at different group velocities. This effect 

causes pulse broadening and leads to inter-symbol interference (ISI). In an intensity modulation 

and direct detection (IM/DD) system, chromatic dispersion causes a phase difference between 

the modulated optical sidebands resulting in frequency-selective power fading in the IM/DD 

channel. The small-signal frequency response of the IM/DD system (between the input of the 

transmitter and the output of the PD) exhibits dips at certain frequencies depending on the fiber 
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length, dispersion parameter, and wavelength of the laser source. The presence of these dips in 

the frequency response of the IM/DD system leads to signal distortion. This issue is explained 

in Chapter 4 in detail. In addition, chromatic dispersion is a nonlinear impairment to the 

intensity of the transmitted signal. Therefore, it becomes a source of nonlinear distortion in a 

system that uses direct detection at the receiver. In Chapter 4, the nonlinear distortion which 

results from direct detection following dispersive transmission is quantified and analyzed in 

detail . 

Conventionally, chromatic dispersion can be mitigated optically using dispersion 

compensating fiber or dispersion compensating modules with fiber Bragg gratings [6]. These 

solutions add loss to the signal path and are difficult to adapt to changing network requirements. 

Recently, by making use of the advances in digital signal processing (DSP) capabilities, 

electrical dispersion compensation has been employed at the transmitter (pre-compensation) or 

the receiver (post-compensation) depending on the network scheme. An example of post-

compensation in an IM/DD system employing the KK receiver is presented in Chapter 5. 

 

2.2    Modulation Formats for Short-Reach Optical Networks 

Due to their decreased complexity, lower cost and small form factor, IM/DD systems are the 

most practical solution for short-reach systems. Traditional IM/DD optical interconnects 

implemented with binary intensity modulation and DD receivers are no longer sufficient to 

meet the increasing bit rate requirements. Alternatively, high-order modulation formats need 

to be utilized in modern IM/DD short-reach optical systems. In the following subsections, the 

most common approaches in this regard are reviewed with examples of their applications, 

especially those utilizing DSP capabilities to enhance system outcome. 
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2.2.1    Carrierless Amplitude and Phase Modulation (CAP) 

CAP is an IM/DD scheme in which two orthogonal passband filters are used to produce a 

modulated radio frequency (RF) signal instead of using orthogonal RF carriers and mixers like 

in QAM. The RF signal is then applied to an electrical to optical (E/O) converter. It is 

considered an attractive solution for short-reach networks because it represents a passband two-

dimensional modulation with good performance using low cost optical components. In 

addition, CAP enables employing high order modulation formats which allows achieving 

relatively high data rates while using limited bandwidth optical components. 

Comparing with alternative schemes such as QAM and orthogonal frequency division 

multiplexing (OFDM), CAP does not require an I/Q modulator, high frequency RF sources or 

mixers. 

Figure 2.1 shows a schematic diagram of a transmitter structure based on CAP modulation. 

The original bit stream is fed into a mapper which maps the bits into complex symbols with a 

symbol period Ὕ. Then, up-sampling with a factor of M is applied by inserting M-1 zeros 

between two consecutive symbols. 

 

 

Figure 2.1. Schematic diagram of transmitter structure for CAP modulation. 
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The symbols at the output of the up-sampling block are then separated into their in-phase and 

quadrature components and sent into the corresponding in-phase and quadrature digital shaping 

filters. The outputs of the filters are subtracted, and the generated digital signal is converted 

into an analog signal using a digital to analog converter (DAC). The output of the DAC drives 

an E/O converter such as a DML or VCSEL. The generated signal before the DAC can be 

expressed as: 

Ὓὸ ὥὸṧὪὸ ὦὸṧὪὸ                 (2.7) 

where ὥὸ and ὦὸare the in-phase and quadrature components of the transmitted bit stream 

after coding and up-sampling process, respectively. Ὢὸ and Ὢὸ are the impulse responses 

of the in-phase and quadrature digital shaping filters, respectively. These two filters form a so-

called Hilbert pair, and ṧ denotes convolution, while ὸ denotes time which is discrete (ὸ

ὲὝ) with ὲ = 0, 1, 2, é 

The impulse responses of the two orthogonal filters are obtained by multiplying a pulse shape 

function Ὣὸ with sine and cosine functions respectively and they are given by: 

 

Ὢὸ ὫὸȢÓÉÎς“Ὢὸ                  (2.8) 

Ὢὸ ὫὸȢÃÏÓς“Ὢὸ                  (2.9) 

 

Ὢ is called the center frequency, and it is larger than the largest frequency component in Ὣὸ. 

The latter is usually the square root raised cosine pulse described as: 

 

 

Ὣὸ
ίὭὲ“ρ ‍

ὸ
Ὕ τ‍

ὸ
Ὕὧέί“ρ ‍

ὸ
Ὕ

“
ὸ
Ὕ ρ τ‍

ὸ
Ὕ

 

                                          

(2.10) 
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where Ὕ is the symbol duration, and ‍ is the roll-off factor of the root raised cosine function, 

which takes a value between 0 and 1. For  ‍ π, Nyquist pulse shaping is obtained. 

It should be noted that the digital shaping filters and the DAC work at a higher rate than the 

system symbol rate. The sampling rate of their operation should be higher than twice the 

highest frequency in the signal spectrum which is given as: 

Ὢ Ὢ Ὢ
ρ ‍

ς
 

  (2.11) 

 

where Ὢ is the symbol rate,  Ὢ  . 

Hence the up-sampling process is necessary to match the rate of the filters in order to avoid 

aliasing products after the digital to analog (D/A) conversion. 

At the receiver side, direct detection with a PD is used for optical to electrical conversion 

as depicted in Figure 2.2. 

 

 

Figure 2.2. Schematic diagram of receiver structure for CAP demodulation. 

 

The detected analog signal is digitized using an analog to digital converter (ADC) which should 

operate at a sampling rate of   . The output of the ADC is fed into two digital matched filters. 

The outputs of the two filters are combined and then down-sampled, equalized and decoded to 

obtain the original bit sequence. 
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For an ideal channel response, the outputs of the two matched filters are given by: 

 

ὶὸ ίὸṧά ὸ ὥὸṧὪὸ ὦὸṧὪὸ ṧά ὸ           (2.12) 

ὶὸ ίὸṧά ὸ ὥὸṧὪὸ ὦὸṧὪὸ ṧά ὸ          (2.13) 

 

Here ά ὸ Ὢ ὸ and ά ὸ Ὢ ὸ are the two impulse responses of the matched 

filters, and ὸ is the time which is discrete (ὸ ὲὝ) with ὲ being an integer. Ὢὸ and Ὢὸ 

are even and odd functions respectively, then we can write: 

 

 

ὶὭὸ ίὸṧάρὸ ὥὸṧὬρρὸ ὦὸṧὬρςὸ            (2.14) 

ὶ ὸ ίὸṧάςὸ ὥὸṧὬρςὸ ὦὸṧὬςςὸ            (2.15) 

where Ὤ ὸ ὪὸṧὪὸ, Ὤ ὸ ὪὸṧὪὸ, and Ὤ ὸ ὪὸṧὪὸ, 

and these joint impulse responses are illustrated in Figure 2.3. 
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Figure 2.3. The impulse response of (a) shaping filters Ὢὸ and Ὢὸ, (b) Ὤ ὸ, (c) Ὤ ὸ, 

(d) Ὤ ὸ. Reprinted with permission from [7] © The Optical Society. 

 

We notice from equation (2.14) that the useful first term which represents the in-phase 

component is corrupted by the second term which includes the quadrature component, however 

as shown in Figure 2.3, the maximum of Ὤ ὸ coincides with the zero of Ὤ ὸ. Hence, the 

useful in-phase component in equation (2.14) can be extracted without ISI if sampling is 

performed exactly at the center of the symbol. The same conclusion can be obtained for the 

quadrature component in equation (2.15). Nonetheless, this makes synchronization very 

important in CAP demodulation in order to minimize crosstalk between the in-phase and 

quadrature components. 
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In order to mitigate crosstalk, an adaptive equalizer is utilized at the output of the matched 

filters. The constant modulus algorithm (CMA) is often utilized in the equalizer. However, for 

a higher order modulation system such as CAP16 which does not have a constant amplitude 

for all symbols, the effectiveness of CMA decreases significantly and the cascaded multi-

modulus algorithm (CMMA) is used instead.  

Several interesting implementations of CAP for short-reach networks have been reported. 

In [8], a data rate of 40 Gb/s was generated in a total bandwidth of only 10 GHz using CAP16, 

and a transmission experiment over 20 km SSMF showed superior performance for CAP16 

when compared with on-off keying (OOK) at 40 Gb/s. In [7], a 10 Gb/s signal was generated 

using CAP16 in a total bandwidth of 2.5 GHz, and a transmission experiment over 20 km and 

40 km SSMF was performed successfully. A CMMA adaptive equalizer was employed at the 

receiver. 10 Gb/s CAP128 signal was demonstrated in [9], and it used a DML operating at 1310 

nm with a transmission experiment over 40 km SSMF. A hybrid equalization scheme was 

employed, which consisted of a decision-directed least mean square (DD-LMS) algorithm with 

a two-stage pre-convergence based on multi-modulus algorithm and modified CMA. It 

emphasized the influence of relative intensity noise (RIN) and laser linewidth in the case of 

higher order CAP. 

In [10], CAP16 was used in a wavelength division multiplexed passive optical network (WDM-

PON) setup to achieve a transmission of 10 Gb/s per user over 40 km SSMF. Five CAP16 

FDM channels were used with 11 wavelength division multiplexed (WDM) channels to 

connect to 55 users with a multi-level multi-band CAP signal. Also, optical single-sideband 

(OSSB) modulation was applied to mitigate the frequency-selective power fading effect for an 

extended transmission distance. The experiment relied on a 30 GSa/s DAC to generate the CAP 
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signal, and wavelength-selective switch (WSS) filtering to obtain the OSSB signal. For 

adaptive equalization at the receiver, the CMMA was employed. 

In [11], a modified DD-LMS algorithm with a reduced complexity was used for the 

equalization of CAP64, showing a better performance than the CMMA. A transmission 

experiment demonstrated error-free performance with a bit rate of 60 Gb/s over 20 km SSMF. 

More recently, the gain in data rate resulting from increasing the number of subcarriers m 

within the same bandwidth in multi-band CAP (m -CAP) was studied in [12]. It was shown 

that the data rate increases for higher values of m until it reaches an asymptotic level that 

depends on the received signal-to-noise ratio (SNR). In addition, the system complexity 

resulting from the use of digital filters was shown to be proportional to m. 

In [13], CAP4 was tested in a passive optical network (PON) and compared with pulse 

amplitude modulation (PAM4). A bit rate of 50 Gb/s was demonstrated for both cases, and a 

higher tolerance for CD was shown for PAM4 compared to CAP4. 

2.2.2    Discrete Multi-Tone (DMT) 

In optical communications, DMT is an IM/DD scheme and a special type of OFDM which uses 

the intensity domain to transmit data without using the phase domain of the optical signal [16]. 

For this reason, DMT is also known as direct-detected OFDM [1]. Therefore, the system cost 

and complexity are reduced for DMT when compared to OFDM. Like OFDM, DMT is a multi-

carrier modulation format where a channel is partitioned into many small-bandwidth channels 

called subchannels. With their smaller bandwidths, the subchannels are more robust toward 

ISI, which is the main feature of DMT. Due to its high spectral efficiency and simple 
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configuration, DMT is widely adopted in copper-based access systems such as asymmetric 

digital subscriber line (ADSL) and the very high-speed DSL (VDSL). 

Figure 2.4 depicts an optical DMT transmitter. For a DMT system with N subchannels, the 

input bit stream is buffered and split into N streams using a serial-to-parallel (S/P) converter. 

The parallel streams are fed into a constellation mapping block which encodes blocks of data 

into complex symbols with a period T. This mapping depends on the order of the modulation 

for each subchannel (i.e. 16-QAM, 32-QAM). 

 

 

 

Figure 2.4. Schematic diagram of transmitter structure for DMT. 

 

The data is then modulated onto orthogonal subcarriers using inverse fast Fourier transform 

(IFFT). A DMT symbol is thus formulated. In order to enhance resiliency to ISI, cyclic prefix 

(CP) is added as in OFDM by inserting some tail-end portion of a DMT symbol to its beginning 

as shown in Figure 2.5. 
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Figure 2.5. DMT symbols (a) before adding CP (b) after adding CP.  

 

Resiliency of DMT to ISI is a combined result of both using CP and parallel transmission. 

Subchannels operate at lower symbol rates than the total symbol rate of the system, therefore 

the symbol period of a subchannel has a longer duration which makes it more resilient to ISI. 

Also, the use of CP works as a guard toward interference with neighboring symbols. The length 

of the CP is chosen such that it will be longer than the length of the channel response. Therefore, 

no interference from the previous DMT symbol is smeared into the currently received symbol, 

and resiliency to ISI is enhanced. However, the benefit of CP comes at the expense of additional 

redundancy. 

The increased resiliency to ISI makes DMT perform better toward bandwidth limitations in an 

IM/DD channel. Bandwidth limitations of components in the frequency domain can be 

regarded as dispersion in the time domain, which means broadening a pulse during 

transmission, which may cause ISI. 

After adding CP, the resulting digital data stream is converted to an analog signal using a DAC, 

and finally the electrical signal at the output of the DAC is modulated on an optical carrier. 

At the receiver side, direct detection with a PD is used, and the detected analog signal is 

then converted into a digital signal using an ADC as shown in Figure 2.6.  
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Figure 2.6. Schematic diagram of receiver structure for DMT.  

 

The CP is removed, and the complex symbols of the subchannels are restored using a fast 

Fourier transform (FFT) block. Next, the signal is equalized and de-mapped from the 

constellation and converted from parallel to serial using a parallel-to-serial (P/S) converter to 

finally obtain the original bit sequence. 

An important feature of DMT is the possibility to optimize bit loading for the different 

subcarriers. At system startup, a probing signal is transmitted, by which the transmission 

characteristic for each subcarrier is obtained, and the bit loading is decided for each subcarrier 

accordingly. A higher order modulation format is assigned to the "good quality" subcarrier, 

while a lower order modulation format is assigned to a "bad quality" subcarrier. This approach 

allows maximizing the transportable capacity of a DMT system, hence improving the 

corresponding spectral efficiency.  

A known disadvantage of DMT is the relatively high peak to average power ratio (PAPR), 

because the DMT signal is a sum of large number of subcarriers which are independently 

modulated, and these subcarriers may add up constructively leading to high amplitude values 

in the transmitted signal. When N subcarriers add up in phase, they may produce instantaneous 

peak amplitude values which are N times the average. The high PAPR adds additional 



21 

 

constraints on different system components such as the RF amplifiers and the DAC, which 

must operate over a wider range of amplitudes. 

For its several features, DMT received much interest in short-reach applications (i.e. 

compared to CAP). Examples of research about DMT include the work in [14]. Using a 

commercial distributed-feedback (DFB) laser operating at 1550nm, 52.8 Gb/s was transmitted 

over 20 km SSMF and 44.5 Gb/s was transmitted over 40 km SSMF without CD compensation 

or optical amplification. The DMT signal contained 1024 subcarriers, with 16 samples for CP, 

and optimized bit loading for the different subcarriers. The maximum number of bits per 

subcarrier was 6 corresponding to 64-QAM. The results of 40 km transmission showed that the 

system performance was limited mainly by CD.  

In [15], 100 Gb/s transmission was demonstrated by transmitting 2WDM  50 Gb/s signal over 

80 km SSMF. This DMT experiment combined 1024 subcarriers with 16 samples for CP, and 

optimized bit loading for the different subcarriers. Each subcarrier had a 16.5 MHz bandwidth 

and the transmission distance was extended to 80 km by a combination of using the 1300 nm 

band and optical amplification. 

In [16], 118 Gb/s single wavelength transmission over a 10 km SSMF was reported using DMT 

with optimized bit loading for the different subcarriers and employing 10 Gb/s transmitter and 

receiver. The system was enhanced by transmitter-side DSP algorithms for mitigating the 

nonlinearity of the laser. 

More recently, 200 Gb/s transmission was achieved over 1.6 km SSMF [17]. A comparison 

was made between the two cases of using 64-QAM for all subcarriers and using Chowôs bit 

and power loading algorithm to optimize the modulation of the subcarriers [18]. The net data 

rate was improved by 37% in the latter case. In addition, time-domain nonlinear equalization 
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was utilized at the receiver to mitigate the nonlinearities resulting from the electro-absorption 

modulated laser (EML), square-law detection, and clipping. 

Another recent application of DMT in short-reach networks was proposed in [19]. 256 

subcarriers were used at the transmitter with 80 GHz of bandwidth occupancy. A probe signal 

was generated by modulating all subcarriers with quadrature phase shift keying (QPSK) and 

the received SNR was used to calculate the bit and power loading of the subcarriers. A net data 

rate of 333 Gb/s was achieved in a transmission over 20 km SSMF. Dispersion compensating 

fiber was used to avoid spectral fading which results from the direct detection after dispersive 

transmission. The experiment was enabled by the wide-band modulation capability of the 

transmitter based on an 80-GHz MZM and a 100 GHz DAC. 

2.2.3    Subcarrier Modulation (SCM)  

In subcarrier modulation, the data to be transmitted is modulated on one or more RF subcarriers 

using an arbitrary modulation format (i.e. m-QAM) which becomes an RF passband signal. 

The passband signal is then modulated on an optical carrier using an intensity modulator or a 

DML. The SCM transceiver may use analog components or it can be a DSP-enabled 

transceiver. Figure 2.7 shows a typical scheme of a DSP-enabled SCM transmitter. The original 

bit stream is mapped into complex symbols with a symbol period Ὕ using a mapper. 
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Figure 2.7. Schematic diagram of transmitter structure for SCM.  

 

The symbols are then separated into their in-phase and quadrature components before entering 

a pair of pulse shaping filters. The outputs of the filters are upconverted to a subcarrier 

frequency Ὢ, subtracted, and converted into an analog signal using a DAC. The output of the 

DAC drives an E/O converter such as a DML, VCSEL, EML, or MZM. 

When using analog components, a mixer and a local oscillator that work at the required RF 

subcarrier frequency are employed to generate the RF passband signal. Alternatively, the 

modulated passband signal at the required RF subcarrier frequency can be generated using 

DSP. 

At the receiver side, direct detection with a PD is performed and the detected analog signal 

is digitized using an ADC. The output of the ADC is down converted to baseband by 

multiplying the signal with  ÃÏÓς“Ὢὸ and ÓÉÎς“Ὢὸ followed by matched filtering. The 

output of the two filters is equalized and decoded to obtain the original bit sequence as depicted 

in Figure 2.8. 
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Figure 2.8. Schematic diagram of receiver structure for SCM. 

 

The most significant advantage of SCM is that higher-order modulation formats can be 

applied easily while using the relatively simple IM/DD scheme for modulating and 

demodulating the optical signal. In a system with components of limited bandwidths, this helps 

to increase the bit rate without increasing the symbol rate. However, higher-order modulation 

formats require higher received SNRs for the same performance, which is the cost of increasing 

the order of modulation.  

SCM can be implemented using a single subcarrier or using multiple FDM subcarriers 

before modulating an optical carrier. In the latter case, the channel is partitioned into several 

subchannels which makes the system more robust to ISI, however with an increased 

complexity. FDM shares this advantage with DMT however with a smaller number of 

subchannels in the case of FDM, and thus with a lower tolerance to ISI relative to DMT.  

With FDM, ultra-dense subchannels can be transmitted simultaneously while using a single 

laser source. Also, an increased frequency selectivity is obtained at the receiver by making use 

of the known sharpness of electrical or digital filters. In addition, the low phase noise of RF 
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oscillators makes coherent detection easier to implement in the RF domain when compared to 

optical coherent detection [20].  

The combination of using multilevel signaling and subcarrier multiplexing reduces the 

impact of chromatic dispersion on the individual channels. To optimize the system 

performance, tradeoffs should be made between levels of modulation, data rate per channel, 

channel spacing and optical power. In these tradeoffs, several factors should be taken into 

consideration, such as the bandwidth of the E/O converter, the DSP capabilities at both the 

transmitter and receiver, the targeted transmission distance and data rate requirements. 

It is worth noting that subcarrier multiplexing can be combined with WDM to provide a more 

flexible platform for high optical bandwidth efficiency and high dispersion tolerance. 

There has been a growing interest in using DSP-based SCM for short-reach optical 

networks. In [21], a digitally generated RF signal with a subcarrier frequency that equals the 

symbol rate was used to modulate an MZM. Using single-cycle SCM with a subcarrier 

frequency of 2.5 GHz and a symbol rate of 2.5 Gbaud, several modulation formats were tested 

such as QPSK at 5 Gb/s, and 16-PSK and 16-QAM at 10 Gb/s data rate. 

In [22], 14 Gbaud single-cycle SCM signal was modulated onto an RF subcarrier with a 

frequency of 14 GHz using QPSK modulation format for 28 Gb/s or 16-QAM for 56 Gb/s, and 

then the RF signal was applied to a zero-chirp MZM. In [23], using Nyquist pulse shaping, a 

half-cycle 16-QAM signal was generated using SCM with a subcarrier frequency that equals 

half the symbol rate. With this concept, a 14 Gbaud signal was generated at 7 GHz subcarrier 

frequency, and was used to directly modulate a passive feedback laser at a bit rate of 56 Gb/s.  

In [24], a DSP-enabled direct detection receiver was used to demodulate a half-cycle SCM 

signal which was generated by directly modulating a passive feedback laser. The DSP-enabled 
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receiver employed an electronic CD compensation algorithm to improve the performance of 

the link in the two cases of 56 Gb/s single polarization transmission and 112 Gb/s dual 

polarization transmission. 3 dB and 5 dB improvements in received optical power relative to 

the uncompensated system performance were achieved for the two cases of single and dual 

polarization, respectively. 

In [25], subcarrier multiplexing of downlink and uplink channels was used in combination with 

SCM in symmetric 10 Gb/s bidirectional transmission over a 20 km fiber. By locating the 

downlink and uplink channels on different RF bands, this combination served the purpose of 

mitigating the effects of reflections and Rayleigh backscattering while using advanced 

modulated formats (16-QAM for downlink and QPSK for uplink) in an IM/DD scheme. DSP 

was used at the transmitters of both downlink and uplink to compensate for the bandwidth 

limitation of an EML and a directly modulated reflective semiconductor optical amplifier 

(RSOA), respectively.  

In [26], SCM was utilized in an FDM system based on the direct modulation of a VCSEL with 

a bandwidth of ~5 GHz, and a comparison was made with DMT. For the case of FDM, manual 

bit loading of 10 subcarriers was utilized to address the problem of frequency-selective power 

fading in the IM/DD channel by tailoring the modulation format cardinalities of the FDM 

channels to the IM frequency response of the system. For this purpose, lower level modulation 

formats such as binary phase shift keying (BPSK) and QPSK were used in the channels most 

affected by the power fading, and 16-QAM was used for other channels. For the case of DMT, 

Chowôs bit and power loading algorithm [18] was used to maximize the total transported 

capacity for 256 subcarriers. It was found that an achieved capacity of 25 Gb/s with the SCM-

based FDM is comparable to the case of using DMT for distances of few tens of kilometers. 



27 

 

Another recently proposed application of SCM-based FDM in short-reach networks employed 

signal-to-noise-and-distortion (SINAD) ratios at the receiver to calculate the required power 

loading of 16 channels in a DML/DD system [27]. This will be explained in detail in Chapter 

4. In addition, Chapter 5 will introduce an application of SCM in a single-sideband (SSB) 

system based on a DML and KK receiver. 

 

2.2.4    Pulse Amplitude Modulation 

In optical PAM, the intensity of an optical carrier is modulated with an electrical M-ary 

baseband signal to produce a multilevel PAM-M optical signal. In PAM-M, blocks of ÌÏÇ(M) 

bits are encoded such that one of M intensity levels is transmitted for every symbol. 

Figure 2.9 depicts a PAM transmitter. The original bit stream is mapped into symbols using 

a mapper. Pulse shaping is applied followed by conversion into an analog signal using a DAC. 

The output of the DAC drives an E/O converter such as a DML, VCSEL, EML, or MZM. 

 

 

Figure 2.9. Schematic diagram of transmitter structure for PAM.  

At the receiver side, direct detection with a PD is performed and the detected analog signal 

is digitized using an ADC. The output of the ADC is equalized and decoded to obtain the 

original bit sequence as depicted in Figure 2.10. 
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Figure 2.10. Schematic diagram of receiver structure for PAM.  

 

When compared to OOK, PAM-M for (M > 2) allows a higher bit rate for the same symbol rate 

by using more signal levels. This helps in relaxing the bandwidth requirements of devices at 

the expense of receiver sensitivity, as the latter increases rapidly when increasing the number 

of signal levels (M). 

Compared to other multilevel modulation formats, PAM has the advantage of the lowest 

implementation complexity; however, the reduced receiver sensitivity is a big disadvantage as 

it limits the transmission distance for a given bit rate and bandwidth. 

Examples of research about applying PAM in short-reach optical networks include the work in 

[28]. Electronic pre-compensation was used to mitigate the nonlinear modulation dynamics 

when driving a DML with PAM-4. The required drive current was calculated by reversing the 

large signal rate equations such that a specific target output power profile can be produced. 10 

Gb/s PAM-4 signal was generated within 5 GHz of bandwidth, and the distortions resulting 

from nonlinear modulation dynamics were suppressed significantly using DSP which led to 

improved quality of the optical signal at the output of the DML. 

In [29], 100 Gb/s transmission was achieved using Nyquist-shaped PAM-4 and PAM-6 signals 

generated with an MZM. In addition to generating Nyquist shaping, DSP was used at the 

transmitter to compensate for the nonlinearity of the MZM in addition to linear channel pre-
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compensation. A transmission experiment over 2 km SSMF was performed, and a power 

budget of 13 dB was demonstrated. 

In [30], an experiment was performed to analyze the performance of DML-generated PAM-M 

for M = 4, 8 and 16 with different bit rates ranging from 50 to 130 Gb/s. Transmission over 2 

km of single-mode fiber (SMF) was evaluated and DSP was used at the receiver to implement 

15-tap feed-forward equalization (FFE). 

More recently, 100 Gbaud PAM4 was enabled by using 112 GSa/s ADC [31], and 200 Gb/s 

transmission was tested over fiber lengths up to 40 km aided by dispersion compensating fibers 

(DCFs). Linear and nonlinear equalization were employed to push the performance under 

different FEC thresholds. The corner stone of the experiment was the integrated circuits at the 

ADC frontend which enabled such a high baud rate using BiCMOS technology. 
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Chapter 3 

Laser Model 

 

Obtaining useful simulation results for a DML/DD system requires that both the laser model 

and parameter values be sufficiently accurate. Assuming operation of a semiconductor laser in 

a single longitudinal mode above threshold, and assuming uniform densities (longitudinally 

and laterally) of photons and carriers within the active region of the laser, the modulation 

dynamics are described by large signal rate equations that relate the spatially invariant photon 

density Ὓὸ and carrier density ὔὸ to the driving current Ὅὸ as follows [32]: 
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 (3.1) 

 

 

 (3.2) 

 

 

(3.3) 

where ɮὸ is the optical phase, ή is the electron charge, ὠ is the volume of the active layer, 

† is the electron lifetime which accounts for electron recombination mechanisms that do not 

contribute to the stimulated emission, † is the photon lifetime which depends on the cavity 
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loss, ὔ  is the carrier density at transparency for which the net gain is zero, ‐ is the gain 

compression factor (gain saturation coefficient), ɜ is the mode confinement factor which refers 

to the fraction of the optical field within the active layer, Ὣ is the gain slope constant, ‍  is 

the spontaneous emission factor which refers to the fraction of spontaneous emission coupled 

into the lasing mode, and ‌ is the linewidth enhancement factor which quantifies the 

amplitude-phase coupling in the laser. The gain slope constant is given by Ὣ ’ὥ where 

’ is the group velocity and ὥ is the active layer gain coefficient. 

(3.1)-(3.3) are deterministic equations, as the contributions of photon density noise and phase 

noise are neglected. In addition, the laser is assumed to be operating at a fixed temperature, and 

the linewidth enhancement factor and the gain compression factor are taken to be constant. 

The factor ρ ‐Ὓὸ in the equations is a scaling factor that describes an equivalent gain 

saturation [71]. 

The optical power ὖὸ at the output of the laser is related to the photon density Ὓὸ as 

follows: 
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(3.4) 

      

where – is the differential quantum efficiency (a measure of the efficiency with which the 

output power increases with the injection current), Ὤ is Planck's constant, and ‡ is the 

unmodulated optical frequency. The frequency chirp at the output of the laser is given by: 
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A direct relation between the optical power and chirp can be extracted from (3.1)-(3.3) and 

expressed as [33]: 
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where Ὧ is the adiabatic chirp parameter and is given by [34]: 
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(3.7) 

 

The first and second terms of (3.6) indicate the adiabatic and transient chirp, respectively. 

For the work presented in this thesis, a fourth-fifth order Runge-Kutta algorithm was used 

in Matlab to numerically integrate the coupled first order differential rate equations (3.1)-(3.3). 

The parameters of the NEL NLK5C5EBKA 10 Gb/s packaged DFB laser used in this work 

were extracted through a comprehensive procedure as detailed below. This includes finding 

the intrinsic parameters of the laser using a set of steady-state and small-signal measurements, 

and accounting for the packaging by adopting a detailed circuit model for the electrical 

interface. The circuit elements were found by double-fitting using the measured scattering 

parameters Ὓ  and Ὓ  of the packaged laser. The values of these circuit elements are referred 

to as the extrinsic parameters. On the other hand, the term (intrinsic parameters) refers to the 

rate equation parameters. 
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3.1    Procedure to Extract Laser Parameters 

The intrinsic and extrinsic laser parameters were extracted using a set of measurements 

performed on the packaged laser. 

3.1.1    DC Measurements 

The continuous-wave (CW) wavelength of the laser emission was measured using an Advantest 

Q8384 optical spectrum analyzer (OSA), and it was found to be ‗  1543.76 nm for a bias 

current of 20 mA and a temperature of 20 Co. Then, the output optical power ὖ was measured 

for different values of the bias current Ὅ. These two variables are related by [35]: 

 

 ‪ὖ Ὅ Ὅ‪ὖ ὍὍ π 

 

(3.8) 

 

where ‪  , Ὅ  , Ὅ Ὅ Ὅ, and Ὅ  is the threshold current. 

The formula for the L-I curve is the positive solution of (3.8) which is given by: 
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(3.9) 

Using the Nonlinear-Least-Squares method and the Trust-Region algorithm, the measured 

values of ὖ and Ὅ  were numerically fitted to (3.9) as shown in Figure 3.1, and the values of 

Ὅ, Ὅ, and ‪ were found. Then,  Ὅ  and  – were calculated as listed in Table 3.1. The value of 

‪ was assumed to be constant for different bias currents. 
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Figure 3.1. Measured and fitted results for the dependence of the laser optical 

power on the bias current. 

 

Table 3.1. Extracted parameter values for the laser using the L-I curve 

Parameter Symbol Value 

Threshold current Ὅ  9.13 Í! 

Differential quantum efficiency – 0.22 

Spontaneous emission term Ὅ  0.382 ʈ!  
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3.1.2    IM Frequency Response Measurements 

The small-signal IM frequency response of the laser is given by [32]: 

 
ὖ‫Ƞὣȟὤ

ὤ

Êʖ Êʖὣ ὤ
 

(3.10) 

where ʖ is the angular frequency of the modulating current, and ὣ and ὤ are functions of the 

bias current Ὅ  as follows [36]: 
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(3.12) 

 

(3.13) 

The Agilent N4373A vector network analyzer (VNA) was used to measure the frequency 

response of the laser. The VNA was calibrated using the Agilent N4433A electronic calibration 

module based on a 2-port SOLT technique (Short, Open, Load, Through). After calibration, 

the small-signal IM frequency response of the laser was measured for 12 values of the bias 

current above threshold between 14 and 38 mA for the case of a back-to-back (B2B) system. 

Figure 3.2 shows the measured IM frequency response for several selected values of the bias 

current (14, 20, 30 and 38 mA). Note that an attenuation dip in the frequency response appears 

between 16 and 17 GHz. This results from packaging and limits the bandwidth of the laser to 

~16 GHz. 
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Figure 3.2. Measured small-signal IM frequency response of the packaged 

laser for bias currents of 14, 20, 30 and 38 mA. 

 

In order to exclude the effect of the laser packaging, the subtraction method for the IM 

frequency response was used to find the values of ὣ and ὤ corresponding to the chosen bias 

currents [32]. For this purpose, the IM frequency response for Ὅ = 14 mA was chosen as a 

reference and subtracted in dB from the IM frequency responses corresponding to the other 

values of Ὅ . The results of subtractions were fitted to the following formula [32]: 

 
Ὓ‫ ςπÌÏÇ
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(3.14) 

where ὣȟὤ are the values of ὣ and ὤ for Ὅ = 14 mA, and ὣȟὤ are the values of ὣ and ὤ for 

each of the other values of Ὅ between 16 and 38 mA. Figure 3.3 shows the fittings and results 

of measured IM frequency response subtraction for several selected values of the bias current 

(16, 20 and 38 mA). 
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Figure 3.3. Measured and fitted results when the IM frequency response for a 

bias current of 14 mA is subtracted from the IM frequency response s for 

bias currents of 16, 20 and 38 mA. 

 

The obtained values of ὣ and ὤ were numerically fitted to (3.13) using linear fitting as 

shown in Figure 3.4, and both † and the universal factor ὑ were found as listed in Table 3.2, 

where ὑ is given by [36]:  

 ὑ τ“ †
‐

Ὣ
 

 

(3.15) 
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Figure 3.4. Measured and fitted results for ὣ Ὢὤ using (3.13). 

 

The resonance frequencies corresponding to the bias currents were determined by [36]: 
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and numerically fitted by the following approximation [36] as shown in Figure 3.5 to find the 

quantity  which is listed in Table 3.2: 

 

 

Ὢ
ρ

ς“

ɜὫ

ήὠ
Ὅ Ὅ  

 

(3.17) 

 



39 

 

 

Figure 3.5. Measured and fitted results for Ὢ ὪὍ  using (3.17). 

 

Table 3.2. Extracted parameter values for the laser using the subtraction method for the IM 

frequency response  

Parameter Symbol Value 

Electron lifetime † 0.20 ns 

Universal factor ὑ 0.23 ns 

 ɜὫ

ὠ
 

5.299 x 104 s-1 

 

The small-signal IM frequency response of a fiber in an IM/DD system depends on the 

modulator chirp and is given by [37]: 
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              (3.18) 

 

where is the angular frequency for which the adiabatic and transient chirp of the laser have ‫ 

the same magnitude, and is related to the output optical power ὖ  by: 
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— is given by: 
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    (3.20)  

 

where ὒ is the length of fiber, Ὀ is the fiber dispersion coefficient, ‗ is the wavelength of the 

laser corresponding to the applied bias current, and ὧ is the speed of light in vacuum. 

For the purpose of measuring the chirp parameters of the laser (‖ and ‌), and using the 

Agilent N4373A VNA, the IM frequency response of the laser and fiber was measured for a 

bias current of 30 mA for a transmission distance of 76.2 km SSMF as shown in Figure 3.6. 

 

Figure 3.6. Measured small-signal IM frequency response of the laser for a 

bias current of 30 mA and 76.2 km SSMF. 
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Then, the IM frequency response in B2B was subtracted in dB from the IM frequency response 

for 76.2 km SSMF. As the effect of the laser and receiver is removed by the subtraction, the 

result represents the IM frequency response of the fiber only. The IM frequency response of 

the fiber was numerically fitted by (3.18) using the Downhill-Simplex algorithm [38] as shown 

in Figure 3.7. This method of fitting was chosen for its effectiveness and rapidness as 

demonstrated in [38]. 

 

Figure 3.7. Measured and fitted IM frequency response of the fiber for 76.2 km SSMF and a 

bias current of 30 mA. 

 

As a result of the fitting, ‌ and Ὀ were found as listed in Table 3.3, in addition to Ὢ. With         

Ὢ = 1.19 GHz and considering the measured output power of the DML at 30 mA being             

2.7 dBm, and using (3.19), the value of  ‖ was calculated as listed in Table 3.3. Note that the 
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wavelength of the laser was measured for a bias current of 30 mA using the Advantest Q8384 

OSA, and it was found to equal 1543.86 nm. This value was used for the fitting in (3.20). 

 

Table 3.3. Extracted parameter values for the laser using the frequency response of the fiber 

Parameter Symbol Value 

Adiabatic chirp parameter ‖ 4.01 x 1012 HzW-1 

Linewidth enhancement factor ‌ 2.75 

Dispersion coefficient Ὀ 16.18 ps/km/nm 

 

 

ɜ and ὠ are considered dummy parameters [36], therefore suitable values were assumed for 

them as listed in Table 3.4. These assumed values were adopted from the results of parameters 

extraction of a similar packaged laser [39]. Then, the value of  Ὣ was calculated from  ,  

‐ was calculated using (3.7), † was calculated using (3.15), ‍  was calculated using             

Ὅ  [35], and ὔ  was calculated using the following equation [36] as listed in   

Table 3.4: 
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Table 3.4. Calculated parameters of the laser 

Parameter Symbol Value 

Mode confinement factor ɜ 0.36 

Volume of the active layer ὠ 3.81 x 10-11 cm3 

Gain slope constant Ὣ 5.60 x 10-6 cm3/s 
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Gain compression factor ‐ 6.06 x 10-18 cm3 

Photon lifetime † 4.75 ps 

Spontaneous emission factor ‍  1.22 x 10-4 

Carrier density at transparency ὔ  2.00 x 1017 cm-3 

 

To verify the values of the extracted parameters, they were used in (3.11) and (3.12) to calculate 

ὤ for the 12 values of the bias current. The calculated values of ὤ show a very good agreement 

with the measured values as illustrated in Figure 3.8. This confirms the robustness of the 

extraction procedure despite the made assumptions.  

 

 

Figure 3.8. Measured and calculated values of ὤ as a function of the bias current. 
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3.1.3    Extrinsic Transfer Function 

For more accurate modeling of the laser, the effect of the interface must be taken into 

consideration. Typically, a laser diode chip has one contact on top and another at the bottom 

side. The chip is mounted on a submount with two coplanar electrodes. The bottom side of the 

chip is connected directly to one electrode, and a bonding wire is used to connect the top side 

to the other electrode as illustrated in Figure 3.9 [40].  

 

Figure 3.9. An illustration of a laser diode chip and a submount. 

 

For the NEL NLK5C5EBKA laser used in this work, the package also includes a matching 

resistor that must be included in the model. Accordingly, an equivalent small-signal circuit 

model of the extrinsic network for the above-threshold biasing condition was adopted as shown 

in Figure 3.10 [41].  

The circuit model includes a matching resistor Ὑ  and its capacitance ὅ , a capacitor ὅ from 

the coplanar electrodes, and a series inductor ὒ representing the bonding wire. ὅ and Ὑ 

associate with the parasitics of the laser diode chip. In addition, the capacitance of the space-
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charge of the heterojunction is represented by ὅ , and the dynamic resistance of the 

heterojunction is represented by Ὑ . 

Ὅ  is the current injected into the active layer,  Ὅ  is the current of the modulation source, and 

Ὑ  is the internal resistance of the modulation source and is typically υπ ɱ. 

 

 

Figure 3.10. Small-signal model of the extrinsic network. 

 

The small-signal current transfer function of the extrinsic network is calculated by network 

analysis as: 
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The total normalized small-signal frequency response of the packaged laser is given by: 
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where ὖ.is the small-signal frequency response of the intrinsic laser given by (3.10) ‫ 

The input impedance of the extrinsic network ὤ ‫  is found as a function of the network 

elements: 
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and the scattering parameter Ὓ ‫  is given by: 
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              (3.26) 

 

Using a VNA, the scattering parameters Ὓ  and Ὓ  of the packaged laser were measured 

for a given bias current above threshold. Then, the small-signal response of the intrinsic laser 

ὖ,was calculated using the previously extracted parameter values for the same bias current ‫ 

and its magnitude (in dB) was subtracted from the magnitude (in dB) of the normalized 

measured Ὓ  response. The result of this subtraction represents the measured small-signal 

transfer function of the extrinsic network, which can be modeled by (3.22) after normalization. 

Constrained nonlinear minimization function fmincon was used in MATLAB  with 

reasonable values for the initial estimates to find the values of the extrinsic network elements 

which simultaneously yield the best fits of the calculated and measured responses for 

Ὓ and Ὁby minimizing the total sum of squared errors (SSE). The measured and ‫ ‫ 

fitted plots for Ὓ and Ὁ ‫‫  are shown in Figures 3.11 and 3.12, respectively. The 

deviation between the measured and fitted results is thought to be due to parasitic effects of the 
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assembly conditions such as the transition between the coaxial connector and coplanar 

electrodes and the placing of the submount on a thermo-electric cooler.  

 

Figure 3.11. Measured and fitted results for ȿὛ .‫ȿ 

 

Figure 3.12. Measured and fitted results for ȿὉ.‫ȿ 
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The results of the optimization process are summarized in Table 3.5. It is worth noting that the 

choice of reasonable values of the initial estimates in the fitting process is crucial to obtain 

meaningful parameters values for a model that mimics the actual behavior of the laser. 

 

Table 3.5. Values of the extrinsic network elements 

Circuit element Value 

 Ὑ  50 ɱ 

 Ὑ  46 ɱ 

 Ὑ 7.1 ɱ 

 Ὑ  3.9 ɱ 

 ὅ  0.08 pF 

 ὅ 0.33 pF 

 ὅ 0.13 pF 

 ὅ  0.22 pF 

 ὒ 0.09 nH 

 

Finally, the extracted intrinsic laser parameters and electrical network elements were used 

to calculate the total small-signal IM frequency response of the laser (3.24) for three values of 

the bias current as shown in Figure 3.13. The agreement between the calculated and measured 

results illustrates the appropriateness of the extraction procedure.  
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Figure 3.13. Measured and calculated small-signal IM frequency response of 

the packaged laser for bias currents of 16, 20 and 30 mA. 
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Chapter 4 

 

Power Loading of a DML in an FDM System 

 

In order to achieve high capacity with DML/DD systems, spectrally efficient multi-level 

modulation formats are required. They can be implemented using (i) a baseband modulating 

signal for PAM [42] ,  (ii) a single-channel RF modulating signal for half cycle SCM [23], or 

(iii) a multi-channel RF modulating signal for OFDM modulation [43], DMT modulation [44], 

and FDM modulation [26]. Unlike baseband and single-channel systems, multi-channel 

systems leverage the adaptability to channel characteristics such as bandwidth limitations and 

nonlinear device responses by assigning suitable modulation formats and bandwidths to 

different channels. This allows the capacity and/or reach to be maximized. Recently, DMT has 

gained considerable interest for short-reach applications [45]. However, the added complexity 

of using FFT at both the transmitter and receiver, in addition to the poor power efficiency due 

to a high PAPR are the main drawbacks. As for DMT, FDM uses pulse shaping and multi-level 

modulation to increase the spectral efficiency. However, the RF channels of the FDM signal 

have non-overlapping spectra. After photodetection of the FDM signal, each channel is filtered 

and demodulated. Typically, a smaller number of channels is used for FDM relative to DMT. 

For example, the performances of an FDM system with 10 channels and a DMT system with 

256 channels have been compared [26].  
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In an FDM DML/DD system, the main impairments are the modulation dynamics of the 

DML, optical fiber attenuation, dispersion-induced nonlinear distortion, and thermal noise of 

the receiver. Nonlinear distortion is generated within the frequency band of the channels due 

to direct detection of a dispersed signal [46]. It becomes more severe for longer transmission 

distances due to the increased amount of dispersion. In addition, chromatic dispersion causes 

a phase difference between the modulated optical sidebands resulting in power fading at certain 

signal frequencies after DD. The small -signal frequency response of the DML/DD system 

(between the input of the DML and the output of the PD) exhibits dips at these frequencies. 

Channels located at the dips have low SNRs. Recently, manual bit loading that uses assessment 

of system performance for the different modulation formats was utilized to address the power 

fading problem by tailoring the modulation format cardinalities of the FDM channels to the 

DML/DD system frequency response [26]. As a result of system performance assessment, 

lower level modulation formats such as BPSK and QPSK were used in the location of the dips 

in the system frequency response, while 16-QAM was used for other channels. Another 

approach is to utilize power loading to equalize the received SINAD ratios [47] of the FDM 

channels while using the same bit loading for all channels. For this purpose, received SINAD 

ratios of the FDM channels need to be calculated, which requires a means to isolate and 

quantify the signal power, noise power, and power of nonlinear distortion that falls within the 

bandwidth of each channel. This can be achieved using a two-tone test [48].  

In this chapter, simulation is used to demonstrate that optimized modulation conditions and 

power loading are adequate to maximize and equalize the performance of a 16-channel FDM 

DML/DD system. The optimized modulation conditions and power loading are found based on 

a two-tone test to evaluate received SINAD ratios for the FDM channels. The resulting power 
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loading represents a generic result that allows the channels to operate with an arbitrary 

modulation format (unified bit loading) despite the frequency-selective power fading. The 

required power loading is calculated using power estimation of the received tones and thermal 

noise, which avoids performing exhaustive system performance measurements for each 

modulation format. Therefore, this approach enhances the practicality of the DML/DD system 

and allows the operation of all channels at the same bit rate, which can be especially desirable 

in multi-user applications. Using this method, the 10 Gb/s laser considered in   Chapter 3 is 

directly modulated with 16 FDM channels for the transmission of 60.8 Gb/s over 30 km of 

SSMF. The chapter is organized as follows: Section 4.1 presents the simulation system while 

Section 4.2 describes the use of the received SINAD ratios of the FDM channels to optimize 

the modulation conditions of the DML. Section 4.3 presents an iterative procedure to find the 

power loading profile based on the received SINAD ratios of the FDM channels. Then, the 

system performance is assessed using the calculated power loading for a transmission distance 

of 30 km. Finally, the robustness of the system toward changes in the transmission distance is 

investigated. 

 

4.1    System model 

The system setup shown in Figure 4.1 was co-simulated using Matlab and VPI 

TransmissionMaker 10.0. Matlab was used for numerical solutions of the laser rate equations 

and adaptive equalization at the receiver. 
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Figure 4.1. Block diagram of the system setup. 

The modulating signal at the input of the DML was composed of 16 RF channels with 

subcarriers equally separated by 1 GHz. For each channel, a pseudo-random bit sequence 

(PRBS) was generated using a random seed that is different from other channels. Then, a 

modulated RF signal was generated with an assigned subcarrier frequency. Each channel 

operated at a symbol rate of 0.95 Gbaud and used a root-raised-cosine pulse shaping with roll-

off factor of 0.05. Therefore, each channel occupied a bandwidth of 997.5 MHz. The 16 RF 

signals were summed and used as the input to a 6-bit DAC with a sampling rate of 34.2 GSa/s. 

This is equivalent to 2.25 samples/symbol considering the total symbol rate of 15.2 Gbaud. 

Considering the total signal bandwidth of 16 GHz, the minimum possible sampling rate equals 

32 GSa/s which is equivalent to 2.10 samples/symbol. The maximum amplitude of the output 

from the DAC was normalized to a value Ὅ and offset with a bias current Ὅ. The resulting 

current was used to drive the DML. 

The modulated optical signal generated by the DML was transmitted over SSMF with a 

dispersion parameter D = 17 ps/km/nm (fiber nonlinearities were neglected). The received 

optical signal was detected with an ideal photodiode (square-law detection). The thermal noise 

of the receiver was modeled as white Gaussian noise with an equivalent noise spectral density 

ὔ τπ Ð!ȾЍ(Ú . For a load resistance Ὑ ρ ɱ, the noise power (in dBm) within a 

bandwidth  ЎὪ can be calculated as: 
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              (4.1) 

 

Therefore, assuming the load resistance is 1 ɱ, the average noise power for each channel is        

-87.96 dBm. 

 The output current of the photodiode was digitized using a 6-bit ADC with a sampling rate 

of 34.2 GSa/s and applied to an array of RF digital receivers which used the same subcarrier 

frequencies as the RF transmitters with matched root-raised-cosine filters. For each RF 

receiver, adaptive equalization was applied before measuring the channel performance. 

 

4.2    Optimizing the modulation conditions of the DML 

In DML/DD systems, the received optical signal is down-converted to the electrical domain by 

mixing the optical sidebands with the optical carrier. After propagating through a fiber of length 

L, the phases of the frequency components of the upper and lower sidebands change differently 

due to chromatic dispersion [49]. This leads to constructive or destructive interference between 

the upper and lower sidebands depending on frequency. The resulting frequency response of 

the optical fiber depends on the modulator chirp and is given by (3.18). 

The frequency response of the optical fiber exhibits attenuation dips that occur at certain 

frequencies depending on the fiber length, dispersion parameter, and wavelength of the laser 

emission. For a transmission distance of 30 km and using the extracted laser parameters (‌ȟ‖, 

and ‗) in (3.18), the frequency response Ὄ Ⱦ ‫  is plotted for different bias currents in 

Figure 4.2. The dips in the frequency response adversely affect the system performance by 

limiting the transmission distance for a given signal bandwidth. The depth of the first dip, 



55 

 

which appears around 5 GHz, is smaller by more than 9 dB when compared to the depths of 

the dips at higher frequencies. This gives a special importance to the location of the second dip 

in the frequency response. 

By considering a signal that occupies a bandwidth ὄὡ up to the frequency of the second 

dip, the maximum transmission distance can be determined by [50]:  

 

 ὒ
ὧ

Ὀ‗ὄὡ
 

 

(4.2) 

 

On the other hand, it can be seen in the measured B2B frequency response in Figure 3.4 that 

the 10 Gb/s DML has a bandwidth limitation of around 16.5 GHz resulting from the packaging. 

Therefore, the signal bandwidth was chosen to be 16 GHz, and from (4.2) the maximum 

transmission distance is ~30 km. For this transmission distance, the second dip in the fiber 

response is located around 16.5 GHz (the same frequency as the decrease in the small-signal 

IM frequency response (Fig. 3.4)). 
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Figure 4.2. Calculated frequency response for 30 km SSMF for different bias 

currents. 

 

Clearly, larger bias currents result in smaller dips in the frequency response of the optical fiber, 

as can be understood by studying (3.18). The first and second terms depend on the transient 

and adiabatic chirp, respectively. For larger bias currents, ὖ increases, and so is ‫ , therefore, 

the adiabatic chirp is enhanced relative to the transient chirp and the dips are weakened [50]. 

In addition, the adiabatic chirp causes the smaller depth of the first dip relative to the other dips 

in the frequency response. The dependence of the adiabatic chirp on the bias current is critical 

in determining the performance of the channels, especially in the frequency region of the first 

dip. 

In order to illustrate the important relationship between the bias current, the adiabatic chirp, 

and the resulting frequency response, the first and second terms of (3.18) are plotted in         
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Figure 4.3 for bias currents of 40 mA and 100 mA and a transmission distance of 30 km. The 

total frequency response is also shown. 
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Figure 4.3. Calculated frequency response for 30 km SSMF using the first, the second or both terms of (3.18) for a 

bias current of a) 40 mA and b) 100 mA. 
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The first term in (3.18) is independent of the bias current. On the other hand, the second 

term due to the adiabatic chirp is dependent on the bias current through the parameter ‫ . The 

frequency response of the second term is larger for Ὅ = 100 mA compared to Ὅ = 40 mA. As 

a result, the depth of the dips in the total frequency response of the optical fiber decreases for 

higher bias currents [50].  

The modulation current Ὅ  also has an important role in determining the system 

performance. A larger modulation current enhances the power of the signal relative to the 

thermal noise of the receiver, however this also increases the nonlinear distortion in the system. 

Optimization of the modulation conditions of the DML is performed by finding the values of 

Ὅ and Ὅ that maximize the SINAD ratios of the 16 channels, which translates to optimum 

system performance. The SINAD ratio for channel Ὧ is defined as1 [47]: 

 

 
ὛὍὔὃὈὯ

ὛὯ

ὔὯ ὈὯ
 

 

(4.3) 

 

where ὛὯ is the received signal power, ὔὯ is the noise power, and ὈὯ is the nonlinear 

distortion power. 

A two-tone test was utilized to find the SINAD ratios of the 16 channels for different 

combinations of Ὅ and Ὅ. A total of 32 sinusoidal tones with equal amplitudes and random 

phases were used to drive the DML, with 50 MHz spacing within each pair of tones. In order 

to have the intra-channel distortion terms falling within the channel itself, the spacing should 

be small relative to the channel bandwidth. In addition, the two tones within each channel were 

 

1 Another definition gives SINAD as the ratio of the total power (signal + noise + distortion) to the 

unwanted power (noise + distortion). 
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located near the center of the channel, and their frequencies were chosen to avoid overlapping 

of their harmonic terms with tones in other channels as shown in Table 4.1. 

 

Table 4.1. Frequency of first tone in each channel 

Channel index Frequency (MHz) Channel index Frequency (MHz) 

1 450 9 8490 

2 1510 10 9470 

3 2480 11 10510 

4 3520 12 11530 

5 4470 13 12400 

6 5495 14 13490 

7 6510 15 14470 

8 7530 16 15510 

 

The maximum amplitude of the total drive current was normalized to  Ὅ  and biased with 

 Ὅ. After transmission over 30 km of SSMF and photodetection, power measurements were 

used to find the SINAD ratio of each channel relative to Ὅ and Ὅ . The electrical spectra for 

channels 11, 12 and 13 after photodetection is shown in Figure 4.4 for  Ὅ  100 mA and Ὅ  

17 mA. The main tones, the noise floor, and the nonlinear distortion are distinguished for 

channel 12. Digital filtering is used to separate these components in order to quantify their 

powers. For the modeled DML, modulation conditions and transmission distance, the inter-

channel modulation distortion and thermal noise dominate over the intra-channel modulation 

distortion. The nonlinear distortion terms which appear in Figure 4.4 result from inter-channel 

modulation. 
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Figure 4.4. Received electrical spectrum of channels 11, 12 and 13 after a 

transmission distance of 30 km. 

 

In general, SINAD ratios obtained for a two-tone test capture both the intra- and inter-

channel modulation distortion. If modulated signals were used instead of two tones, the power 

of the distortion within the receiver bandwidth could be determined for each FDM channel 

when it was selectively extinguished at the transmitter, but this would only capture the inter-

channel modulation distortion.  

For every combination of Ὅ and Ὅ , the average and minimum SINAD ratios of the 16 

channels were recorded in dB as shown in Figure 4.5. A larger Ὅ increases the average and 

minimum SINAD ratios of the 16 channels, and there exists a range of values for Ὅ which 

gives the highest average and highest minimum SINAD ratios.  
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Figure 4.5. Calculated (a) average SINAD ratio and (b) minimum SINAD ratio 

over the 16 channels in dB for different modulation conditions and a 

transmission distance of 30 km. 
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Based on this assessment and taking into consideration the absolute maximum forward current 

rating for the laser of 150 mA, the values of Ὅ and Ὅ  were chosen to be 100 mA and 17 mA, 

respectively. 

The SINAD ratios of the individual channels for five sets of values for Ὅ and Ὅ  are shown 

in Figure 4.6 for comparison. With a fixed Ὅ  value of 17 mA, a higher Ὅ improves the 

SINAD ratios of the channels, especially in the region of the first dip (near 5 GHz) due to 

adiabatic chirp. For all cases, the second dip decreases the SINAD ratios of channels 14, 15 

and 16. Moreover, for a fixed Ὅ value of 100 mA, a small value for Ὅ of 10 mA decreases the 

SINAD ratios of the first six channels relative to the case of Ὅ= 17 mA, and a large value of 

30 mA decreases the SINAD ratios of channels 3 and above. Among these cases, setting Ὅ to 

100 mA and Ὅ to 17 mA gives the highest SINAD ratios for the 16 channels. 
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Figure 4.6. SINAD ratios of the 16 channels for different modulation conditions 

and a transmission distance of 30 km. 

 

4.3    Power loading for the DML/DD system 

In order to investigate the role of nonlinear distortion, the two-tone test was utilized to estimate 

(in dBm) the electrical power of nonlinear distortion for each of the 16 channels when 

transmitting over 10, 20 and 30 km SSMF. Thermal noise was turned off in the system 

simulation to separate nonlinear distortion. As shown in Figure 4.7 for 30 km transmission, 

nonlinear distortion dominates over the thermal noise of the receiver (load resistance of 1 ɱ) 

for channels 4 to 16. For the 16 channels, the power of nonlinear distortion varies from -97 

dBm to -79 dBm. For comparison, Figure 4.7 also shows the power of nonlinear distortion for 

transmission distances of 10 and 20 km. In addition, the power of nonlinear distortion is shown 
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for a transmission distance of 30 km with the dispersion parameter set to zero. This result shows 

that the contribution of the nonlinear modulation dynamics of the laser toward the nonlinear 

distortion is small compared to the thermal noise and the nonlinear distortion arising from 

direct detection after dispersive transmission. It is worth noting that nonlinear distortion is 

composed of second (or higher order) harmonic distortion and intermodulation distortion [48]. 

When a sinusoidal tone at a certain frequency Ὢ is passed through a nonlinear system, 

nonlinear terms appear at frequencies ὲὪ, with ὲ being an integer larger than 1. These terms 

are defined as the harmonic distortion terms of order ὲ. Intermodulation distortion terms result 

from the passing of two (or more) tones through a nonlinear system. If two tones are located at 

frequencies Ὢ and Ὢ ɝὪ, these terms appear at frequencies Ὢ ɝὪ, Ὢ ςɝὪ, Ὢ ςɝὪ, 

Ὢ σɝὪ..etc. 

As mentioned earlier, the inter-channel modulation distortion dominates over the intra-channel 

modulation distortion, therefore, the amount of distortion within a channel is determined by 

the powers of other channels rather than power of the channel itself. For this reason, the powers 

of nonlinear distortion for channels 4, 5, and 6 do not exhibit a dip as shown in Fig. 4.7. 

However, because of frequency selective power fading, these channels have smaller received 

power, and their SINAD ratios form a dip as shown in Fig. 4.6. 

In addition, the harmonic distortion generated by low frequency channels falls within the 

bandwidth of high frequency channels and is added to their intermodulation distortion. While 

the harmonic distortion of high frequency channels falls at higher frequencies than 16 GHz. 

This leads to enhancing the nonlinear distortion in high frequency channels relative to low 

frequency channels as shown in Figure 4.7. Note that the power of distortion depends on fiber 

attenuation beside its dependency on the amount of CD. This explains why distortion power in 
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the two cases of 20 km and 30 km transmission seem to be close for most of the channels, 

however, the attenuation is higher in the case of 30 km by 2 dB in the optical domain, which 

leads to a smaller electrical power by 4 dB. 

 

 

Figure 4.7. Power of the nonlinear distortion at the receiver and thermal 

noise after transmission over 10, 20, and 30 km SSMF. NL: nonlinear. 

 

Before applying power loading, the electrical power of both tones in each channel at the 

input of the DML is around -30 dBm as shown in Figure 4.8, and the aim is to adjust the input 

power of each of the 16 channels in order to obtain equalized SINAD ratios at the receiver. For 

this purpose, the electrical SINAD ratio was estimated at the receiver for each channel, and 

then normalized by the SINAD ratio of the first channel. The resulting normalized SINAD 
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ratios were utilized for power loading of the tones at the input of the DML by subtracting them 

from the power levels (in dBm) of the 16 channels, then the maximum amplitude of the total 

DML drive current was normalized to Ὅ . This process changes both the nonlinear distortion 

at the receiver and the received tones power for each channel, and results in a new SINAD ratio 

profile but with smaller variation over the 16 channels. The new SINAD ratio profile was 

subtracted again from the new input power levels of the 16 channels. This process was repeated 

for seven iterations. The variation (max-min) in the SINAD ratio profile decreased with each 

iteration, reaching a value of 0.07 dB at the end of the process as shown in Figure 4.9. The final 

SINAD ratio profile is shown in Figure 4.10 (right axis). As a result, a final power loading 

profile was obtained as shown in Figure 4.8. 

 

Figure 4.8. Electrical power of the DML input, calculated for each channel 

assuming a load resistance of 1 ɱ. 
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Figure 4.9. Variation of the calculated SINAD ratio profile at the receiver 

after each iteration. 

 

The powers of the nonlinear distortion for the two cases with and without power loading 

applied to the tones at the DML input are compared in Figure 4.10 (left axis). Boosting the 

input power of channels 3 to 7 after power loading (Figure 4.8) enhances the nonlinear 

distortion of channels 8 to 14 as seen in Figure 4.10. This increment of nonlinear distortion 

exceeds the reduction resulting from decreasing the powers of channels 9 to 15 at the input. 

In addition, an increase of 3 dBm in the power of nonlinear distortion is noticed for channel 

11, which explains the higher input power for this channel relative to the two neighboring 

channels by about 1 dB after power loading as seen in Figure 4.8.  
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Figure 4.10. (Left) Power of the nonlinear distortion at the receiver before 

and after power loading. (Right) SINAD ratios of the 16 channels after 

power loading. Both for 30 km transmission. PL: power loading. 

 

The final power loading profile obtained from the two-tone test was applied to 16 modulated 

channels with the same modulation format which was chosen to be 32-QAM, 16-QAM, or 8-

PSK. Adaptive equalization was used at the receiver for each channel before decision making 

by employing the radius directed algorithm (RDA) in the cases of 32-QAM and 16-QAM, and 

the constant modulus algorithm in the case of 8-PSK. 

The adaptive equalizer is updated at the symbol rate. In every update of the equalizer vector of 

taps, the new vector Ὤὲ ρ is calculated as a function of the vector Ὤὲ as: 
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 Ὤὲ ρ Ὤὲ ‘Ὡ ὲὼᶻ ὲ (4.4) 

 

where ‘ is the step size and ὼᶻ ὲ is the complex conjugate of the input. The error function 

Ὡ ὲ  is given by: 

 

 Ὡ ὲ ȿὼ ὲȿ Ὑ ὼ ὲ (4.5) 

 

where ὼ ὲ is the output of the equalizer and Ὑ  is a real number that depends on the 

modulation format and the symbol being processed. For CMA, it is constant (Ὑ ρ. For 

RDA, the magnitude of the complex symbol being processed is estimated, then the value of Ὑ  

is the nearest to the magnitude out of a set of values which depend on the modulation format. 

i.e. For 16-QAM, Ὑ  takes a value of 2, 10, or 18. 

The equalizer improved the performance toward linear distortion in the system and used 13 

filter taps with a step size of ρ ρπ  and converged after τ ρπ updates. Bit error ratio 

(BER) estimations were done by direct error counting of 2 million bits/channel. 

As shown in Figure 4.11, for each of the three used modulation formats, all 16 channels 

performed with a BER lower than the hard decision (HD) FEC threshold of 3.8³10-3 

corresponding to an overhead of 7% [51]. This translates to net bit rates of 70.6 Gb/s, 56.5 Gb/s 

or 42.4 Gb/s when using 32-QAM, 16-QAM or 8-PSK, respectively. For the case of 32-QAM, 

the first two channels have slightly lower BERs than the FEC limit therefore we focus on the 

use of 16-QAM in what follows. It is worth mentioning that when using modulated signals 

instead of tones, the details of the nonlinear distortion changes, and the power loading profile 

that was used with tones is not expected to achieve the same level of SINAD ratio equalization 

when using modulated signals; however the BER estimations show limited variation for the 16 

channels which all operate under the target BER. In addition, the first three channels which are 
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dominated by thermal noise perform worse than the rest of channels which are dominated by 

nonlinear distortion; this means a greater effect for thermal noise than nonlinear distortion on 

performance. Figure 4.11 also shows the performance of 16-QAM without applying power 

loading, while using adaptive equalization. Channels 4, 5 and 16 perform worse than the BER 

target of 3.8³10-3, and a gain in capacity of 23% is achieved with power loading, given that the 

modulation conditions are optimized. 

 

Figure 4.11. BER for the 16 channels after transmission over 30 km SSMF for 

different modulation formats.  

 

Channel 5 is chosen to show the corresponding constellations for the tested modulation 

formats in Figure 4.12. 
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Figure 4.12. Constellations for channel 5 for a transmission distance of 30 km in 

the cases of (a) 16-QAM without power loading (b) 16-QAM with power 

loading (c) 8-PSK with power loading (d) 32-QAM with power loading. 
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As mentioned earlier, the 16 PRBS generators of the RF channels used a chosen set of 

random seeds. To verify that the power loading (PL) profile for 30 km transmission distance 

obtained from the two-tone tests works well with the modulated channels with different bit 

sequences, the performance was tested while using three different sets of random seeds for the 

16 channels for the two cases of using 16-QAM and 8-PSK as shown in Figure 4.13. With 

minor differences in performance for the same modulation format, the results confirm that the 

calculated PL profile performs well with different sets of data. 

 

 

Figure 4.13. BER for the 16 channels after transmission over 30 km SSMF for 

different sets of random seeds in the PRBS generators.  
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In order to evaluate the robustness of the system, the power loading profile for 30 km 

transmission distance was utilized for other distances when using 16-QAM. The BER for the 

worst channel is shown in Figure 4.14. The BER is under the HD-FEC BER threshold for 

distances up to 30 km, however the effect of the second dip in the system frequency response 

prevents successful operation for longer transmission distances. The same procedure was 

followed to find the optimized modulation conditions and power loading profile for 10, 20, and 

40 km transmission distances. The results are also shown in Figure 4.14 and confirm that a 

reach of 30 km can only be achieved when the system is optimized for this transmission 

distance. 

 

Figure 4.14. Worst channel BER for different transmission distances when using 16-QAM 

and optimized power loading profiles for distances of 10, 20, 30 and 40 km. 
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4.4    Summary 

 

In this chapter, a method has been presented to perform power loading in an FDM DML/DD 

system by utilizing a two-tone test. The SINAD ratios of the FDM channels were calculated 

after photodetection and used to optimize the modulation conditions of the DML. Then, the 

required power loading to equalize the received SINAD ratios of the FDM channels was 

calculated from the initial SINAD ratios using an iterative procedure. The obtained power 

loading profile was applied to 16 modulated channels which used the same modulation format 

and the same symbol rate despite the frequency-selective power fading in the channel. For each 

of 32-QAM, 16-QAM and 8-PSK modulation formats, all channels operated under the HD-

FEC threshold with a total symbol rate of 15.2 Gbaud over 30 km SSMF. This demonstrates 

that the proposed method represents a generic approach for power loading without the need to 

perform exhaustive system performance measurements for each modulation format of interest. 

Finally, the robustness of the system performance toward changes in the transmission distance 

was evaluated for distant-specific power loading profiles. 
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Chapter 5 
 

Dispersion Compensation in a DML/DD System 

Using a Kramers-Kronig Receiver 

 

Generally, in a DD system, chromatic dispersion is a major issue that limits the transmission 

distance. In order to overcome this limitation, the use of KK detection has been proposed 

recently [52]. The transmitted signal can be a conventional SSB signal with the modulation 

directly impressed on a carrier or a single-sided signal generated by locating a CW tone at the 

edge of a modulated double-sideband (DSB) signal spectrum. An SSB signal can either be 

generated directly using appropriate modulator drive signals or by using an optical filter to 

convert from a DSB signal [53-55]. The CW tone for a single-sided signal can be generated 

either electronically together with the signal, or optically using a transmit laser wavelength 

shifter [56]. KK detection relies on the fact that the complex envelope of an optical SSB signal 

is formed by an analytic signal. For analytic signals, the real and imaginary parts are related by 

a Hilbert transform [57]. This relation can be utilized to retrieve the phase of the received SSB 

signal from its magnitude under a strict condition on the signal to be minimum-phase [58].       

If the Z transform of a signal is expressed by a rational function, and all poles and zeros are 

located inside the unit circle of the complex Z-plane, the signal is said to be minimum phase 

[72]. To simplify practical applicability of this class of signals, a necessary and sufficient 
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condition for an SSB signal to be minimum-phase was given in [59], requiring that the 

trajectory of the received signal in the complex plane not encircle the origin. This condition 

can be met by a large enough CSPR. Ideally, a value of 6 dB for the CSPR is sufficient to 

achieve this requirement [56]. After retrieving the phase of the received SSB signal from its 

magnitude, electronic CD compensation is performed at the receiver. Based on this feature, 

several implementations have been presented which generate the required minimum-phase 

signal either electronically or optically [52-56], [60-63]. 

Other approaches to retrieve the phase of the received optical signal from its intensity in a 

DD system were proposed recently. In [24], the correlation between optical power and chirp at 

the output of a DML was used to estimate the phase of the received optical signal after 

propagating over 4 km of fiber. It was demonstrated that the correlation is still maintained after 

propagation through a relatively short reach optical link. For longer distances, the correlation 

is lost, which sets a limitation on the use of this approach. In [73], an initial estimate of the 

received phase was assumed, and the transmitted complex field was calculated for the given 

amount of CD. Then, the calculated field at the transmitter was projected onto admissible 

complex values according to the chirp characteristics of the transmitter and a new received 

phase was estimated. The estimate of the phase was improved relative to the initial estimate 

which was started with. The process was repeated for several times, and the final estimate of 

the phase was used for dispersion compensation of 100 km of fiber. 

More recently, algorithms for phase retrieval from intensity have been proposed based on the 

use of dispersive elements at the receiver. The powers of the signal before and after the 

dispersive element were detected with two separate photodetectors, and then used to deduce 

the received phase based on an iterative approach in [74], and a non-iterative approach in [75]. 
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In the latter, the temporal transport-of-intensity equation was used to link temporal phase 

variation of the signal and derivative of its power profile with respect to the dispersion imposed 

by a dispersive element. Then, the difference in power profiles before and after the dispersive 

element was used to solve the temporal transport-of-intensity equation and calculate the phase 

of the received signal. 

In order to extract the benefits of the KK receiver, the majority of the proposed schemes 

have relied on transmitters using external cavity lasers and I/Q modulators. Nonetheless, efforts 

have been made to facilitate a wider application of the KK receiver by reducing the cost and 

complexity of the transmitter. The use of a DFB laser source with an I/Q modulator was 

proposed in [60]. In [61], the required SSB signal was generated by using a single-drive Mach-

Zehnder modulator followed by optical filtering. As an alternative to external modulators, a 

DML-based transmitter can be used with the KK receiver. Such a scheme has not been 

investigated, particularly in terms of the accompanying advantages and trade-offs. This scheme 

paves the way for a wider application of the KK receiver in DML-based systems with reduced 

cost and complexity. 

DMLs are known for their relatively large positive chirp, which enhances the impact of CD 

and limits the transmission distance [58]. In addition, the generation of an SSB signal 

electronically is not possible with a DML since the phase and intensity of the modulated optical 

signal cannot be controlled independently. For this reason, the generation of an SSB signal in 

a DML-based transmitter is performed by means of optical filtering. An optical filter with a 

sharp edge is needed to provide sufficient suppression of one sideband, without sacrificing the 

power of the optical carrier. The requirement of filter sharpness can be relaxed by employing 

a subcarrier modulation scheme, which allows leaving a gap between the modulated signal and 
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the optical carrier, however at the expense of decreasing the bandwidth available for the 

modulated signal.  

In this chapter, the use of KK detection in a DML/DD system is investigated for the first 

time. The optical phase obtained by numerically solving rate equations for a DML exhibits a 

linear contribution. Considering it as a frequency shift of the optical spectrum, allows the 

received optical signal to meet the minimum-phase requirement. In addition to thoroughly 

discussing the principle, a simulative system implementation is presented based on the use of 

SCM in a DML/DD scheme, with 53.5 Gb/s vestigial sideband (VSB) signal transmission over 

65 km of uncompensated and unamplified SSMF, using the 10 Gb/s DFB laser with a 

bandwidth of ~16 GHz. Moreover, studies on system sensitivity to optical filter parameters, 

frequency gap, and sampling rate are conducted. The chapter is organized as follows. Section 

5.1 introduces the principle of the DML-KK system. Section 5.2 provides details of the system 

model and discusses the results. Finally, the results are summarized in Section 5.3.  

 

5.1    Principle of DML -KK system 

Instead of using external modulators at the transmitter in a KK detection scheme, a directly 

modulated laser can be used to generate a DSB signal, with one of the two sidebands attenuated 

using an optical filter to generate the required SSB signal. Given the properties of optical filters 

suitable for this application, the generated signal at the output of the filter is VSB rather than 

SSB (not perfectly analytic), which affects the phase restoration process with KK detection as 

will be demonstrated later. An important issue is the frequency chirp ,LMD a yb detibihxe †‮ 

which is given by (3.6). 
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Based on the rate-equations model presented in Chapter 3 for the modulation dynamics of a 

DML, the instantaneous phase ɮÔ ς“᷿ Ўnoitubirtnoc raenil gnorts a stibihxe †Ὠ†‮ 

ς“ɝὪὸ due to the non-negative adiabatic chirp that depends on the laser bias current. 

At the transmitter, the optical field can be written as:  

 

 ίὸ ὖὸὩ Ὡ  

 

         ὖὸὩ Ὡ  

 

         ḯ ὖὸὩ Ὡ  

 

 

(5.1) 

 

ɮÔ is obtained from ɮÔ by subtracting the linear contribution to the phase ς“ɝὪὸ (i.e., by 

detrending ɮÔȡ 

ɮὸ ɮÔ ς“ЎὪὸ   (5.2) 

The linear contribution to the phase corresponds to a frequency shift of the optical spectrum 

relative to Ὢ (the carrier frequency for a hypothetical laser with ɮÔ π), resulting in a carrier 

frequency Ὢ Ὢ ɝὪ [64]. This frequency shift simply reflects the dependence of the carrier 

frequency on the laser bias current and is of no practical consequence: when an AC-coupled 

modulating current is added to the bias current, the carrier frequency coincides with the CW 

emission frequency. 

After propagating through a VSB filter and dispersive fiber, the optical field incident on the 

photodetector is written as: 
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 ὶὸ ὖὸὩ Ὡ  

 

         ὖὸὩ Ὡ  

 

         ḯὶǿὸὩ  

 

 

(5.3) 

 

ɮ Ô is obtained from ɮ Ô by subtracting the linear contribution to the phase ς“ɝὪὸ (i.e., 

by detrending ɮ Ô : 

ɮ ὸ ɮ Ô ς“ЎὪὸ   (5.4) 

Provided ὶǿὸ is a minimum-phase signal, after direct detection, the KK relation can be used 

to calculate the phase of the received optical field from the power ὖὸ as: 

 ɮ Ô ὌÌÏÇὖὸ  (5.5) 

where Ὄ denotes the Hilbert transform. Once ὶǿὸ has been reconstructed, CD compensation 

can be performed as will be demonstrated in the next section. 

In order to illustrate the above, an SSB-SCM signal was generated numerically using the 

rate equation description for the 10 Gb/s DFB laser followed by an ideal optical filter (see 

Section 5.2). The resulting SSB signal was propagated through 65 km of SSMF. The optical 

phase waveform ɮ Ô at the output of the fiber and the detrended phase ɮ Ô are compared 

in Figure 5.1. The original phase ɮ Ô shows a strong linear component with a change of ~80 

rad within a time interval of 2 ns, and the modulation component is too small to be seen relative 

to the linear component. The detrended phase ɮ Ô shows a peak-to-peak swing less than 0.5 

rad within the same interval. 
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Figure 5.1. Optical phase of the SSB-SCM signal after 65 km of SSMF. 

 

In addition, the received optical field ὶǿὸ after 65 km transmission is shown in the complex 

plane in Figure 5.2 for a CSPR of 15 dB. It does not encircle the origin and so exhibits the 

minimum-phase property. 



83 

 

 

Figure 5.2. Complex field after 65 km of SSMF. 

 

5.2 System model and results 

The system setup shown in Figure 5.3 was co-simulated using Matlab and VPI 

TransmissionMaker 10.0. Matlab was used for the numerical solutions of the laser rate 

equations, modelling the optical filter, applying the KK algorithm, electronic CD compensation 

and adaptive equalization at the receiver. 

 

 

Figure 5.3. Block diagram of the system setup. EDC: Electronic CD compensation. 
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A PRBS was generated, and 2 million bits were mapped onto 16-QAM symbols in the RF 

digital transmitter, and a 53.5 Gb/s SCM electrical signal was generated with a subcarrier 

frequency of 8.85 GHz. This translates to a net bit rate of 50 Gb/s assuming an overhead of 7% 

which corresponds to the HD-FEC threshold of 3.8³10-3 [51]. By employing root-raised-cosine 

pulse shaping with a roll-off factor of 0.01, the bandwidth of the SCM signal was 13.51 GHz. 

The signal was then used as the input to a 6-bit DAC with a sampling rate of 33.44 GSa/s (2.5 

Sa/symbol). The maximum amplitude of the output from the DAC was normalized to a value 

)= 25 mA and offset with a bias current )= 90 mA. These values were found through 

performance optimization to achieve the target transmission distance of 65 km as will be 

detailed later. The resulting current was used to drive the DML. 

Figure 5.4 shows the spectrum of the optical signal before the VSB filter. The zero 

frequency refers to the frequency of the optical carrier without chirp (‌ π). It is important to 

note that the relative powers of the upper sideband (USB) and lower sideband (LSB) depend 

on the phase difference between the FM modulation (carrier density) and the AM modulation 

(photon density) [65]. When the two are in phase, the USB power is larger than the lower 

sideband power.  This being the case here, the LSB was supressed by the VSB filter. 
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Figure 5.4. Spectrum at the input of the VSB filter showing a higher power 

for USB relative to LSB. 

 

The modulated optical signal generated by the DML with an average power of ~8.8 dBm 

was filtered by the VSB filter with an insertion loss of 3.5 dB and a transfer function [66]: 
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(5.6) 

 

where ὄ is the 6-dB bandwidth of the optical filter, and ὄ  specifies the steepness of the 

filter edges, which we also refer to as the sharpness of the filter. The values for ὄ  and ὄ 
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were chosen to be 8 GHz, and 36 GHz, respectively [66]. For these values, the transfer function 

of the filter is shown in Figure 5.5 and compared with the transfer function for  ὄ = 14 GHz 

with the same value of ὄ . These chosen values of ὄ  are close to the specifications of 

current commercial wavelength selective switches [67]. Note that for ὄ = 8 GHz, the filter 

edge roll-off at the 3-dB point is 12.34 dB/10 GHz. 

 

Figure 5.5. Transfer function of the VSB filter for two values of ὄ . 

 

Figure 5.6 shows the spectrum of the optical signal after the VSB filter, in addition to the 

left edge of the transfer function of the VSB filter. As shown in Figure 5.6, the available 

bandwidth was divided between the modulated signal and a gap between the optical carrier and 

the modulated signal. This gap is useful with non-ideal filtering, in order to allow good 

suppression of one sideband without sacrificing too much of the optical carrier power. 
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Moreover, a larger gap relaxes the requirement of using a very sharp filter, however at the 

expense of reducing the bandwidth available for the modulated signal for a fixed transmitter 

bandwidth.  

For ὄ  8 GHz and a bit rate of 53.5 Gb/s, a gap of 2.1 GHz was determined for the system. 

This value for the gap was determined based on an evaluation of the system performance for 

different gaps as will be detailed later. It is worth mentioning that the primary filter parameter 

of interest is ὄ , while ὄ can be chosen to be arbitrarily large since only the edge of the 

filter is used for generating the VSB signal. 

 

Figure 5.6. Spectrum at the output of the VSB filter and the left edge of the 

filter transfer function. 
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The optical signal at the output of the VSB filter had an average power of 3.57 dBm. 

Therefore, in addition to the 3.5 dB insertion loss of the filter, a drop of 1.8 dB in the power of 

the signal was associated with the VSB filtering due to removing most of the LSB.  The filtered 

signal was transmitted over 65 km of SSMF with a dispersion parameter D = 17 ps/km/nm and 

an attenuation coefficient of 0.2 dB/km. Given the launch power into the fiber of 3.57 dBm and 

transmission distances of less than 125 km, the effects of fiber nonlinearities were neglected. 

The received optical signal had an average power of -9.43 dBm and was detected with an ideal 

photodiode with a responsivity of 0.8 A/W. The thermal noise of the receiver was modeled as 

white Gaussian noise with a noise equivalent power of ςς Ð7ȾЍ(Ú [68]. The output current 

of the photodiode was digitized using a 6-bit ADC with a sampling rate of 33.44 GSa/s. Before 

entering the KK block, the digital signal was upsampled to 40.12 GSa/s, 53.5 GSa/s, or 80.25 

GSa/s (3 Sa/symbol, 4 Sa/symbol, or 6 Sa/symbol, respectively). It is well known that the KK 

relation requires upsampling to accommodate the larger bandwidth which results from the 

logarithm operation. Moreover, several methods have been proposed to avoid the need for 

upsampling [52], [69], however this issue is out of the main scope of this work. The KK relation 

(5.5) was applied to the detected optical power to reconstruct the minimum-phase 

representation of the received signal ὶǿὸ. Then, CD compensation in the frequency domain 

was performed using the reconstructed field ὶǿὸ, and the optical field at the output of the VSB 

filter was restored as follows: 

 

 Ὁ ὸ ꞈ Ὄ ‫ ꞈὶǿὸ  
 

(5.8) 
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where Ὄ ‫  is the transfer function of the optical fiber due to chromatic dispersion as given 

in (2.6). 

After downsampling back to 33.44 GSa/s, the output was fed to a 16-QAM RF digital 

receiver. In the RF receiver, adaptive equalization was employed based on the radius directed 

algorithm (similar to Chapter 4). The equalizer improved the performance toward linear 

distortion in the system arising from the IM response of the DML and used 15 filter taps with 

a step size of ρ ρπ  and converged after τ ρπ updates. Afterwards, BER estimations 

were done by direct error counting of 4 million bits. It is worth mentioning that no prior 

knowledge of the laser parameters was assumed in any stage of the receiver. 

In order to show the quality of the phase restoration, the detrended phase of the received 

optical field is plotted in Figure 5.7 and compared with the restored phase using the KK relation 

in the two cases of B2B and a transmission distance of 65 km. When employing an ideal filter, 

an almost perfect restoration of the detrended optical phase is achieved. However, when the 

VSB filter is employed, the restored phase obtained by applying (5.5) to the received optical 

power exhibits a small deviation from the detrended phase. To avoid the effect of sampling 

rate on the phase restoration, a high sampling rate of 16 Sa/symbol was used in these illustrative 

cases. 
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Figure 5.7. Detrended versus restored phase of the received optical field when using an optical filter in the case of (a) B2B - ideal filter 

(b) 65 km - ideal filter (c) B2B - VSB filter, and (d) 65 km - VSB filter. 
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Using a value of ὄ = 8 GHz, the received optical power (ROP) was controlled using a 

variable optical attenuator (VOA) before the receiver, and performance measurements were 

recorded as BER versus ROP in the case of B2B as shown in Figure 5.8. Also, a comparison is 

made with the case of 65 km transmission for different values of the sampling rate in the KK 

block. Clearly, a sampling rate of 53.5 GSa/s is sufficient for the KK algorithm, and using a 

higher sampling rate of 80.25 GSa/s does not improve the performance further. In addition, a 

BER well under the HD-FEC threshold of σȢψ ρπ  (7% overhead) was achieved in the case 

of 53.5 GSa/s and 65 km transmission (ROP of -9.43 dBm), and a penalty in receiver sensitivity 

of 0.43 dB relative to B2B was found. This penalty is due to the imperfect phase restoration, 

which leads to imperfect CD compensation. It can be decreased by using a sharper filter. The 

inset in Figure 5.8 shows the constellation at a ROP of -9.43 dBm for the case of 65 km 

transmission and an upsampled rate of 53.5 GSa/s. Without the KK algorithm, the BER was 

above the HD-FEC threshold for 65 km transmission. As a point for comparison, a penalty of 

1.15 dB in receiver sensitivity was obtained for 35 km transmission without the KK algorithm. 
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Figure 5.8. BER versus ROP with different sampling rates. 

 

The choice of the transmission distance was determined based on the available ROP. To 

highlight this, the receiver sensitivity at the BER threshold of σȢψ ρπ  for transmission 

distances up to 125 km was recorded in the cases of different sampling rates in addition to the 

maximum available optical power at the receiver as shown in Figure 5.9. For the transmission 

distances of 80 km, 100 km, and 125 km, a BER of σȢψ ρπ  was not possible to obtain due 

to the increased signal attenuation from fiber. Therefore, measuring the receiver sensitivity in 

these illustrative cases was performed by assuming an increased launch power. For all sampling 

rates, the quality of CD compensation deteriorates with increasing transmission distance, which 

increases the receiver sensitivity for longer distances. However, when using 40.12 GSa/s or 

53.5 GSa/s sampling rates, the receiver sensitivity changes by less than 0.5 dB in the short-
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reach range between 15 km and 125 km. In addition, successful CD compensation is possible 

beyond the distance of 65 km if higher optical power is available at the receiver. 

  

 

Figure 5.9. Receiver sensitivity versus transmission distance with different 

sampling rates. 

 

Moreover, the impact of the gap on the system performance was investigated. For this 

purpose, the amount of the gap was varied between 100 MHz and 2.6 GHz and the resulting 

BERs were recorded for values of ὄ  between 8 GHz and 14 GHz [66] as shown in Figure 

5.10. The location of the filter edge relative to the optical carrier was optimized for all cases. 

For a fixed value of ὄ , a larger gap allows better suppression of the LSB, and hence better 

quality of the optical phase restoration and CD compensation which improves the performance. 

Similarly, for a fixed value of the gap, a sharper filter (smaller value of ὄ ) leads to improved 
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performance. Also, for a certain required performance, using a sharper filter allows using a 

smaller gap which is beneficial in minimizing the overall bandwidth of the signal. It is 

important to note that using a smaller gap in the SCM signal leads to decreasing the tolerance 

of the system performance to shifts in the center frequency of the optical filter. This makes the 

use of a gap of 2.1 GHz more practical than a gap of 100 MHz, even though the simulation 

results in Figure 5.10 show that the system can operate under the BER threshold of  σȢψ ρπ  

with a gap of 100 MHz. 

 

Figure 5.10. BER versus gap for different values of ὄ . 

 

In addition, the role of optical filter parameters was investigated in terms of filter sharpness 

and shifts in the edge of the filter. For this purpose, ЎὪ is defined as the difference between the 
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-3 dB frequency of the left filter edge and the frequency of the optical carrier. The BER was 

recorded versus ЎὪ for values of ὄ  between 8 GHz and 14 GHz as shown in Figure 5.11. 

 

Figure 5.11. BER versus ЎὪ for different values of ὄ . 

 

Using lower values of ЎὪ means shifting the filter response to the left on the frequency axis, 

which means that the LSB is less filtered (the signal is less VSB). This results in worsening the 

quality of KK phase restoration and the CD compensation. On the other hand, using higher 

values of ЎὪ means shifting the filter to the right on the frequency axis, which causes the LSB 

to be more filtered, but so is the optical carrier, which worsens the performance due to the 

decreased CSPR. An optimum value for ЎὪ is found which increases for smaller values of 

ὄ  (sharper filter). As shown in Figure 5.11, the optimum value for ЎὪ in case of ὄ  = 8 

GHz is higher by 2 GHz from that in case of ὄ  = 14 GHz. This difference relates to the 
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dependency of CSPR on the value of ὄ  for the same value of ЎὪ. In addition, the 

performance is improved when a sharper filter is employed, as was also shown in Figure 5.10. 

Moreover, to have a BER below σȢψ ρπ  the permissible range of frequency shift for the 

case of ὄ  = 8 GHz is about 7.5 GHz, and for the case of  ὄ  = 14 GHz is about 5.6 GHz. 

This implies that the use of a sharper filter increases the tolerance of the system toward shifts 

in the center frequency of the optical filter. 

The CSPR at the output of the optical filter was recorded versus ЎὪ for ὄ  = 8 GHz and 

ὄ  = 14 GHz as shown in Figure 5.12. The CSPR is defined as the power ratio of the carrier 

to the remaining signal component [70]. As  ЎὪ is varied over the indicated range, the CSPR 

is affected by suppression of both the LSB and carrier to different extents. From Figure 5.11, 

the optimum performance is realized at ЎὪ = -1 GHz for ὄ  = 8 GHz and at   ЎὪ = -3 GHz 

for ὄ  = 14 GHz, for which the CSPR is 15.2 dB and 15 dB, respectively. This explains the 

difference of 2 GHz in the optimum value of  ЎὪ for these values of ὄ  as seen in Figure 

5.11. 
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Figure 5.12. CSPR versus ЎὪ for two different values of ὄ . 

 

In order to emphasize the impact of CSPR on system performance, the BER versus CSPR 

for the values of ὄ  = 8 GHz and ὄ  = 14 GHz is shown in Figure 5.13. The CSPR was 

varied by changing  ЎὪ between -9 GHz and 3 GHz, as in Figure 5.12 (points on the left are 

for 3 GHz and points on the right are for -9 GHz). For each of the two cases of ὄ  = 8 GHz 

and ὄ  = 14 GHz, some points have almost the same value of CSPR however corresponding 

to different values of ЎὪ as shown in Figure 5.12. This explains why they have different 

resulting BERs. The optimum value of CSPR is ~15 dB for both cases, which is comparable to 

the optimum CSPR of 14 dB in [63]. Note that the CSPR was calculated before optical filtering 

in [63], which in our case equals 15 dB. The CSPR of the VSB signal exceeds the CSPR of the 

DSB signal for small values of ЎὪ due to the suppression of the LSB with little effect on the 
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carrier. The partial suppression of the optical carrier as the LSB is more strongly filtered 

prevents the VSB CSPR from exceeding the DSB CSPR by 3 dB as would be the case for ideal 

filtering. 

 

Figure 5.13. BER versus CSPR for two different values of ὄ . The CSPR 

is changed by varying ЎὪ. 

 

In addition to its dependency on ЎὪ, the CSPR at the output of the optical filter is also 

dependent on ) and ). To analyze the effect of this dependency on system performance, the 

BER versus CSPR corresponding to different values of ) and ) is shown in Figure 5.14. 

Considering the absolute maximum forward current rating for the laser of 150 mA, the values 

of ) vary between 60 mA and 90 mA with a step of 10 mA, and the values for ) vary between 

10 mA and 55 mA with a step of 5 mA. For all results in Figure 5.14, ὄ  equals 8 GHz, the 
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gap is 2.1 GHz, ЎὪ is -1 GHz, and the transmission distance is 65 km. For the values of )= 

25 mA and )= 90 mA, an optimum performance is obtained with an optimum CSPR of 15.2 

dB which meets the previous result of the optimum CSPR with ὄ = 8 GHz. For each value 

of ), the ROP was estimated as shown in the legend. The ROP is proportional to ). Therefore, 

increasing ) results in a lower BER for all values of ). For any value of ), the optimum 

value of ) is 25 mA. Therefore, the optimum CSPR depends on ) only. Using a smaller ) 

than 25 mA increases the CSPR and worsens performance because of receiver noise. On the 

other hand, using a larger ) than 25 mA decreases the CSPR and worsens performance 

because of the nonlinearity in the system. The main source of nonlinearity is the laser nonlinear 

distortions. In addition, as chromatic dispersion is not perfectly compensated due to the VSB 

filtering and imperfect restoration of the received optical phase, the combination of chromatic 

dispersion and direct detection makes another contribution to nonlinearity in the system. In 

order to separate these two sources of nonlinearity, the same estimations of BER versus CSPS 

was repeated in B2B as shown in Figure 5.15. Using the VOA, the optical signal was attenuated 

by 13 dB before the receiver to make the results comparable to the case of 65 km transmission. 
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Figure 5.14. BER versus CSPR for a transmission distance of 65 km. The 

CSPR is changed by varying ) and ). 

 

Unlike the case of 65 km transmission, an optimum performance is obtained for the values of 

)= 40 mA and )= 90 mA, with an optimum CSPR of 10.9 dB. The optimum value of ) is 

proportional to ) and varies between 30 mA and 40 mA when changing ) between 60 mA 

and 90 mA, respectively. Therefore, a larger bias current allows using a larger modulation 

current. This is due to the suppression of the laser nonlinear distortions with an increased bias 

current [33]. The optimum values for ) in B2B are all higher than the optimum value of 25 

mA in the case of 65 km transmission. This is because the contribution to nonlinearity from 

the combination of dispersion and direct detection is no longer present. In the same time, the 
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laser nonlinear distortions lead to worsening the performance when a value of ) larger than 

the optimum is used for any value of ). 

 

Figure 5.15. BER versus CSPR for B2B. The CSPR is changed by varying ) 

and ). 

 

5.3 Summary 

In this chapter, the use of the KK receiver for dispersion compensation was investigated in a 

direct detection system based on a DML. The validity of the KK receiver was demonstrated by 

considering a linear contribution to the optical phase arising from a numerical solution of the 

laser rate equations as a frequency shift of the optical spectrum. The modulated optical signal 

could then meet the minimum-phase condition required by the KK algorithm.  A system model 


