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Abstract

Directly modulated lasers (DMLs) are a low cost solution for moderate reach systems

due to their small footprint, low power dissipation and high output optical power.

However, commercial 10-Gb/s on-off keying DMLs have been limited by an inherent

modulation of the optical phase that accompanies the desired modulation of the opti-

cal intensity, which reduces their transmission distance to below 20 km. Furthermore,

the ability to generate bit rates beyond 10-Gb/s with advanced modulation formats

has been limited by the strict requirements on the laser drive current. The primary

objective of this research is to dramatically enhance the capability of DML based

systems through precise control over the drive current. This is achieved by digital

signal processing (DSP) combined with a single digital-to-analog converter (DAC).

In this research, a novel method to pre-compensate dispersion for metro and re-

gional networks is demonstrated at 10.709-Gb/s. A look-up table (LUT) for the

driving current is optimized for dispersion mitigation. Experimental results show a

25 fold increase in the transmission reach of a DML from 10 km to 252 km. A similar

approach applied to a directly modulated chirp managed laser reveals a remarkable

increase in the achievable transmission reach from 200 km to 608 km.

In the context of access networks the DSP and DAC configuration is utilized for

directly modulating a passive feedback laser (PFL) to generate differential phase shift
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keying (DPSK) signals at bit rates of 10.709-Gb/s, 14-Gb/s and 16-Gb/s. The quality

of the DPSK signals is assessed using both noncoherent detection for a bit rate of

10.709-Gb/s and coherent detection with DSP involving a LUT pattern-dependent

distortion compensator.

For very short reach optical links, a 16-ary quadrature amplitude modulation

signal is generated using subcarrier modulation with a subcarrier frequency of half

the symbol rate, Nyquist pulse shaping, and a directly modulated PFL at bit rates

up to 56-Gb/s. Using polarization multiplexing emulation, a pre-amplified direct

detection receiver and DSP, loss margins of 12.6 dB and 8 dB are achieved for a 112-

Gb/s dual polarization signal within a 33 GHz optical bandwidth at back-to-back

and after 4 km transmission, respectively.
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Chapter 1

Introduction

“The Americans have need of the telephone, but we do not. We have plenty

of messenger boys.”

– Sir William Preece, Chief Engineer of the British Post Office, 1876

1.1 Optical Networks

The invention of the telephone and its subsequent wide deployment in the late 1800s

ushered the birth of the telecommunications industry. The impact of this new tech-

nology was not fully understood at the time as evident by Sir W. Preece’s address to

the British House of Commons two years after Alexander Graham Bell invented the

telephone [1]. Today, the Internet is fully established affecting many aspect of our

lives. In a similar way to the telephone, the impact of the Internet is still not fully

comprehended even today.

The Internet’s enormous bandwidth growth, at 40% per year [2], is driven by

applications such as online commerce, mobile applications, video-on demand, cloud

1



CHAPTER 1. INTRODUCTION 2

computing, social media, educational networking, and freelance journalism, and is

enabled by optical fiber communications. These services have brought about eco-

nomic, social, and political changes with far reaching consequences. Today, optical

fiber communications is considered the backbone of the Internet and the gateway to

the information age. The aggregate Internet protocol (IP) traffic in Exa-bytes (1018

× 8 bits) per month over the past decade is shown in Figure 1.1 [3]. Cisco projects

that it would take 72 million years to watch the amount of video traffic managed

through the Internet global IP backbone network in the calender year 2014 alone [3].
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Figure 1.1: IP backbone traffic over the past decade with projection up to 2015.

The achievable aggregate information capacity and transmission distance for a

single fiber has seen a substantial increase with the deployment of wavelength division

multiplexing (WDM) systems and erbium doped fiber amplifiers (EDFAs). WDM

allows up to 100 optical channels in the C-band (1528.71 - 1568.36 nm) with different

wavelengths, to propagate simultaneously through the same fiber. Typically, each

individual channel travels a different path through the network, and can be added,

dropped or routed in a reconfigurable manner depending on the network requirements.



CHAPTER 1. INTRODUCTION 3

Figure 1.2: Typical optical networks. VSR: very short reach.

Optical networks can be classified based on reach, capacity (estimated in bits

per second), topology and cost. Examples of different types of optical networks are

shown in Figure 1.2. In very short reach (VSR) optical interconnects used in data

centers and carrier central offices a typical point-to-point topology is employed with

a distance of less than 1 km of single-mode fiber (SMF) or a less than 100 m of

multimode fiber [4]. Access networks exhibit a reach of less than 50 km and must

support unamplified transmission with large splitting factors allowing for a broadcast

topology [5]. Metro networks are designed for metropolitan areas with a typical ring

topology and a reach of less than 300 km. An EDFA is placed every 70-80 km of

SMF [6]. Regional networks are intended for inter-city connections with a maximum

reach of 600 km and a fully connected mesh topology [7]. Long haul links are the

backbone of the entire network and are fundamentally characterized by the large

transmission distance from 600 km to 10,000 km.

Long haul transmission systems are required to operate at a high bit rate per

WDM channel to fully utilize the installed fiber resource. Today, 100-Gb/s single
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channel systems are being deployed for long haul transmission. By 2015 the next

generation Ethernet standard is expected to specify 1000-Gb/s (1-Tb/s) per WDM

channel [8]. As such, advances in high bit rate long haul systems have impacted the

requirements of moderate reach systems (with less than 600 km reach), which are

invariably more cost sensitive. Network operators are required to use the appropriate

transmitter and receiver technology for a given link reach. The research presented in

this thesis focuses on utilizing low cost directly modulated systems at a bit rate of

10-Gb/s for access, metro and regional optical networks, and a bit rate of 100-Gb/s

for VSR optical links.

1.2 Fiber Chromatic Dispersion

Optical fiber communication systems are limited by fiber loss, chromatic dispersion

and nonlinearity [6]. The deployment of EDFAs mitigates fiber loss, which is typically

0.2 dB/km [9]. At a relatively low launch power nonlinear effects are reduced and the

maximum transmission distance for each WDM channel is limited by fiber dispersion,

which causes the transmitted optical pulses to spread out in time and interfere with

each other. This results in severe intersymbol-interference. A significant amount of

work in this thesis is dedicated to electronic mitigation of fiber dispersion.

Chromatic dispersion accounts for both material and waveguide dispersion [6],

and is manifested as a frequency dependent propagation constant β(ω), which can be

approximated by a Taylor series expansion around the carrier frequency ω0 = 2πf0:

β(ω) = β0 + (ω − ω0)β1 +
1

2
(ω − ω0)

2β2 +
1

6
(ω − ω0)

3β3 + ... (1.1)
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The constant β0 = β(ω0) and:

βm =

(
dmβ(ω)

dωm

)
ω=ω0

(m = 1, 2, ...) (1.2)

Here, terms with m ≥ 3 can be neglected assuming the so called slowly varying

envelope approximation of the electrical field, since the optical signal bandwidth ∆ω

is considerably less than the carrier frequency ω0 [6]. Of particular interest is β2,

which is known as the group velocity dispersion (GVD). Conventionally, the dispersion

parameter D is defined in terms of β2 as:

D = −2πc

λ20
β2 (1.3)

where c is the speed of light and λ0 is the carrier wavelength. For a typical SMF, the

parameter D is wavelength dependent and assumes a value between 16 ps/nm/km to

17 ps/nm/km at 1550 nm [9]. Mathematically, the effect of the GVD in an optical

fiber can be modeled as [10]:

Eout(t) = F−1
{

exp

(
j
LDλ20πf

2

c

)
F
{
Ein(t)

}}
(1.4)

where L is the length of the fiber and the symbols F and F−1 denote forward and

inverse (backward) Fourier transforms operations, respectively. The input and output

electrical fields are Ein(t) and Eout(t), respectively. From equation (1.4) optical pulses

propagating in an SMF experience a linear phase-only transfer function.

In a conventional approach, dispersion can be mitigated optically through in-

stalling dispersion compensating fiber (DCF) along the link [11] or employing optical

dispersion compensating modules with fiber Bragg gratings [12]. These solutions add

loss to the signal path and are difficult to adapt dynamically to changing network

requirements. Recently, a fundamentally different approach has been developed to
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mitigate dispersion using digital signal processing (DSP) implemented by an appli-

cation specific integrated circuit (ASIC). The research in this thesis is at the leading

edge of this DSP revolution in optical communications.

1.3 Digital Signal Processing

Digital signal processing in optical communication systems is enabled by high speed

digital-to-analog converter (DAC) and analog-to-digital converter (ADC) technology

operating at billions of samples per second. Fiber chromatic dispersion can be effec-

tively mitigated through electronic dispersion compensation (EDC) at the transmitter

or at the receiver.

1.3.1 Electronic Dispersion Pre-Compensation

An optical transmitter functions as an electrical-to-optical (E/O) converter. The

incoming electrical signal representing digital ones and zeros is encoded into the op-

tical intensity or optical amplitude and phase [6]. Light polarization allows for dou-

bling the capacity at a single wavelength through polarization multiplexing. Optical

transmitters can be classified into either externally modulated or directly modulated.

To illustrate the difference between both types of transmitters, simple on-off keying

(OOK) intensity modulation (IM) is assumed. A schematic of the externally and

directly modulated transmitter configurations is shown in Figure 1.3 (a) and (b), re-

spectively. In externally modulated systems, a semiconductor laser is subjected to a

constant bias current emitting a continuous wave (CW) optical carrier. The optical

modulator switches the power on and off according to the data stream. In a directly
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modulated laser (DML), the driving current is varied according to the incoming data,

while the output optical power is ideally proportional to input current. In practice,

the DML deviates from this ideal linear behaviour under high speed and large signal

current modulation as described in chapter 2.

Figure 1.3: Illustration of OOK modulation schemes: (a) external modulation, (b)
direct modulation.

Externally modulated transmitters offer the ability to control the amplitude and

phase of the complex optical field through a dual-parallel or dual-drive Mach-Zehnder

modulator (MZM) configuration. A dual-parallel MZM, also known as a cartesian

modulator, is a nested MZM structure which allows full control over the amplitude

and phase of the optical field through two drive voltages [13]. A dual-drive MZM on

the other hand, is a simpler device which allows restricted control over the complex

optical field [13]. Lithium Niobate (LiNbO3) external modulators are typically used

in long-haul transmission systems. However, they are bulky, expensive and require

complex bias control circuits.
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The direct modulation of semiconductor lasers is a low cost solution for metro

transmission due to their small footprint, low power dissipation and high output op-

tical power in comparison to externally modulated lasers. DMLs map the digital ones

and zeros onto the intensity of the optical carrier in a simple OOK scheme. However,

their performance at OC-192 (9.953-Gb/s) is limited by an inherent modulation of the

optical phase that accompanies the desired modulation of the optical intensity, which

reduces the transmission distance in the absence of inline dispersion compensation to

below 20 km. Several techniques have been proposed to address this problem. For

example, special fibers with negative dispersion can enhance the transmission limit

to over 100 km [14], however, this solution requires replacing the existing metro fiber

base. Another approach is dispersion supported transmission (DST), which employs a

tunable low-pass electrical filter at the receiver to compensate the fiber transfer func-

tion and allow a reach of 250 km [15]. The same transmission limit can be reached

by directly modulating a chirp managed laser (CML), which utilizes an optical fil-

ter at the output of the transmitter [16]. DST requires optimizing the receiver for

each transmission distance, while the CML requires an additional wavelength specific

optical component as described in chapter 3.

A more adaptive solution is to compensate for dispersion in the electrical domain

at the transmitter or receiver. At the transmitter, electronic pre-compensation has

been successfully applied to externally modulated systems for compensating the ef-

fects of dispersion [17] and narrow optical filtering [18,19]. With externally modulated

systems, an optical signal that is pre-compensated for dispersion can be analytically

calculated by inverting the fiber transfer function in equation (1.4):

ETx(t) = F−1
{

exp

(
−jLDλ

2
0πf

2

c

)
F
{
ERx(t)

}}
(1.5)
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where ETx(t) is a required complex optical field at the output of the transmitter,

and ERx(t) is the target complex optical field at the receiver. Subsequently, back-

calculation through a particular external modulator is readily achieved. DSP is then

used to control both the amplitude and phase of the pre-compensated optical field

ETx(t). This approach enabled transmission over 60,000 ps/nm of optical dispersion

(3840 km of SMF) using the differential phase shift keying (DPSK) modulation for-

mat at 10-Gb/s [17]. The pre-compensated drive signals were synthesized by two

22-GSa/s DACs with 6 bit resolution implemented within a single ASIC [17]. A sim-

plified block diagram of electronic dispersion pre-compensation with an externally

modulated transmitter is shown in Figure 1.4 (a). Advances in integrated circuit

fabrication processes enable EDC in optical communication systems operating be-

yond 10-Gb/s. Recently, EDC for 43-Gb/s differential quadrature phase shift keying

(DQPSK) transmission has been demonstrated for 2450 ps/nm of dispersion (150 km

of SMF) using an ASIC incorporating two 43-GSa/s DACs with 6 bit resolution [20].

Figure 1.4: Electronic dispersion pre-compensation configurations for: (a) external
Mach-Zehnder modulator (MZM), (b) directly modulated laser (DML) ,
(c) chirp managed laser (CML). RF Amp.: Radio-frequency amplifier.

A simplified block diagram of electronic dispersion pre-compensation for a DML

and CML is shown in Figure 1.4 (b) and (c), respectively. In DML transmitters,
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the phase of the optical field is dependent on the amplitude. As a consequence the

EDC approach used for externally modulated systems does not apply, as the DML

drive current controls both amplitude and phase of the optical field simultaneously. In

general an analytical solution does not exist for the drive current needed for dispersion

pre-compensation and hence optimization methods are required. The work presented

in [21], outlined a method for EDC with a DML transmitter through treating the

phase information at the receiver under direct detection as a degree of freedom and

optimizing the drive current for 10-Gb/s transmission. The EDC method in [21] uses

an artificial neural network for the nonlinear processing of the drive current and the

particle swarm algorithm for optimization. The neural network approach theoretically

predicts compensating the dispersion of up to 300 km of SMF using a DML at 10-

Gb/s. However, experimental verification of this approach required feedback between

transmitter and receiver and exhibited poor performance.

In CML transmitters, the presence of the optical filter introduces phase correlation

between neighbouring bits resulting in a dispersion tolerant transmission up to 200

km of SMF at a bit rate of 10-Gb/s. The work presented in [22] extended this reach

to 360 km through electronic dispersion pre-compensation using digital pre-shaping.

In this research, a novel method for electronic dispersion pre-compensation using

a single look-up table (LUT), DAC and DML or CML is demonstrated at a bit rate

of 10-Gb/s. Experimental results show a 25 fold increase in the transmission reach of

a DML from 10 km to 252 km [23]. A similar approach applied to a CML reveals a

remarkable increase in the achievable transmission reach from 200 km to 608 km [24].

A list of representative examples of experimental results related to electronic dis-

persion pre-compensation at 10-Gb/s for a nonreturn-to-zero (NRZ) OOK intensity
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modulation with direct detection (IM/DD) is summarized in Table 1.1. In these re-

sults a standard pre-amplified positive-intrinsic-negative (PIN) receiver is employed.

Table 1.1: Electronic dispersion pre-compensation in 10-Gb/s IM/DD systems.

Tx REACH EDC REACH REFERENCE YEAR
External Modulation
LiNbO3 Dual-Drive MZM 80 km 800 km UCL [25] 2005
LiNbO3 Dual-Parallel MZM 80 km 1200 km UCL [26] 2008
InP Dual-Drive MZM 76 km 307 km Queen’s [27] 2011
Direct Modulation
CML 200 km 360 km Finisar [22] 2010
DML 10 km 252 km Queen’s [23] 2011
CML 200 km 608 km Queen’s [24] 2012

1.3.2 Electronic Dispersion Post-Compensation

Electronic dispersion post-compensation schemes are largely dependent on the re-

ceiver configuration. Figure 1.5 (a) shows the schematic diagram of a DSP enabled

coherent receiver. Coherent detection preserves both the amplitude and phase of

the received complex optical field allowing for linear compensation of dispersion elec-

tronically [28]. In these receivers a local oscillator (LO) is mixed with the incoming

optical signal through a 90o optical hybrid producing photodetected currents for the

in-phase (I) and quadrature (Q) components of the complex optical field [7]. DSP

enabled coherent detection not only allows for dispersion post-compensation, but also

for the demodulation of quadrature amplitude modulation (QAM) formats, leading

to a new and exciting paradigm in optical fiber communications with substantial im-

provement in system capacity and functionality [29]. Today, 100-Gb/s single channel

transmitters utilizing polarization multiplexed quadrature phase shift keying (QPSK)

are being deployed in WDM systems.
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In a DSP enabled coherent receiver, it is possible to post-compensate of linear

impairments such as chromatic dispersion and polarization mode dispersion (PMD)

through the use of powerful DSP algorithms with either time domain or frequency

domain equalization [30]. Typically, a fixed finite impulse response (FIR) filter with

a large number of taps is used to invert the fiber transfer function and compensate

for dispersion. The frequency domain equalization approach uses fast Fourier trans-

form operations and is more adequate for compensating large amounts of dispersion.

An adaptive equalizer is subsequently employed for polarization demultiplexing, com-

pensation of PMD and residual dispersion [30]. The frequency offset between the LO

and received signal is mitigated prior to carrier phase recovery using DSP algorithms

which are particular to the modulation format used [31].

Figure 1.5: Electronic dispersion post-compensation configurations for: (a) Coherent
detection. (b) Direct detection. (c) Noncoherent DPSK receiver. RF
Amp.: Radio-frequency amplifier.

A DSP enabled direct detection receiver is shown in Figure 1.5 (b). The photode-

tection process is mathematically equivalent to a modulus squaring function, which
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converts a simple linear compensation task into a challenging nonlinear equalization

problem. Although EDC at the receiver in IM/DD systems can mitigate disper-

sion without pre-coding or prior knowledge of the fiber length or characteristics, it

is limited to a few tens of kilometers due to the loss of phase information under

direct detection. EDC techniques at the receiver such as feed forward equalization

(FFE) [32], decision feedback equalization (DFE) [33] and maximum likelihood se-

quence estimation (MLSE) [34] have been demonstrated. Implementations of FFE

and DFE could be either digital or analog. A digital implementation requires using

a high speed ADC producing 1 or 2 samples per symbol. MLSE is implemented dig-

itally and offers significant improvement in performance relative to FFE and DFE

when a sufficient number of states is used [34].

Binary phase shift keying (BPSK) is attractive due to its high receiver sensitivity

and robustness to fiber nonlinearities. It can be detected using a coherent receiver.

Differential phase shift keying (DPSK) on the other hand is used with the noncoherent

receiver shown in Figure 1.5 (c). This receiver configuration is also known as differ-

ential detection [35]. In an ideal nonreturn-to-zero (NRZ) DPSK signal the optical

power is constant, while the binary data is encoded as either a 0 or π optical phase

shift between adjacent bits. Although DPSK signals can be recovered with coherent

detection, a noncoherent approach uses a Mach-Zehnder delay-interferometer (DI),

whose differential delay is equal to the bit period. The DI allows two adjacent bits to

interfere constructively or destructively with each other. As such the preceding bit is

used as a phase reference eliminating the need for a LO as with the coherent detec-

tion case. Equalization techniques such as FFE, DFE and MLSE can also be applied

to noncoherent DPSK receivers. A list of representative examples of experimental
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results related to electronic dispersion post-compensation at 10-Gb/s for NRZ OOK

and DSPK with noncoherent detection is summarized in Table 1.2. Although the re-

sults reported in [34] show a substantial improvement over the 252 km achieved with

the LUT based pre-compensation reported in this work, the required DSP complexity

for a 16 state MLSE is considerably higher than a transmitter based 11-bit LUT.

Table 1.2: Electronic dispersion post-compensation in 10-Gb/s systems.

Tx FORMAT TECHNIQUE EDC REACH REFERENCE YEAR
External Modulation
MZM OOK 4-state MLSE 235 km COBRA [36] 2006
MZM DPSK 4-state MLSE 235 km COBRA [37] 2008
Direct Modulation
DML OOK FFE/DFE 20 km AT & T [32] 2003
DML OOK 16-state MLSE 352 km Nortel [34] 2004
CML OOK 4-state MLSE 311 km Marconi [38] 2005
CML OOK FFE/DFE 300 km Finisar [39] 2008

1.4 Towards 112-Gb/s IM/DD

The enormous increase in bandwidth demand requires short reach optical intercon-

nects to operate at 100-Gb/s for connecting data centers, campuses and institutions

with SMF. DSP enabled 100-Gb/s coherent solutions are expensive for VSR appli-

cations. A more practical solution involves using IM/DD, where the information is

modulated onto the intensity of the optical carrier using a simple E/O converter and

the receiver detects the instantaneous power using a single photodiode.

Traditional OOK at 100-Gb/s is difficult to implement due to limitations in both

the driving electronics and the E/O converter even when external modulation is

used [40]. Consequently, the current and next generation standard for short reach
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optical communications (100GE-SR10 or SR4) employs 10 wavelengths at 10-Gb/s

or 4 wavelengths at 25-Gb/s, respectively [41]. A total bit rate of 100-Gb/s can be

achieved through modulating 4 DMLs at 25-Gb/s and using a 4:1 WDM multiplexer

(MUX) as depicted in Figure 1.6. The resulting optical spectrum consists of 4 closely

spaced sub-channels forming a single channel which is treated as a one operational

unit in a WDM system. To fully utilize the fiber resource and increase the aggregate

bit rate per channel, spectral efficiency (SE) plays an increasingly important role. SE

is defined in a unit of b/s/Hz as:

SE =
Rb

∆f
(1.6)

where Rb is the bit rate per channel and ∆f is the allocated channel bandwidth.

The configuration in Figure 1.6 exhibits poor spectral efficiency [42]. In an ideal E/O

converter the modulated signal bandwidth would be 25 GHz, resulting in a theoretical

SE of 1 b/s/Hz. However, DMLs operating at 25-Gb/s exhibit a significant amount of

wavelength chirp, which broadens the modulated optical signal bandwidth beyond 25

GHz. As such the SE of the transmitter configuration shown in Figure 1.6 would be

less than 1 b/s/Hz, while consuming a significant amount of power with 4 electronic

drivers and temperature control circuits.

Reduction in the number of lasers leads to a substantial reduction in the consumed

power and cost, and improves reliability [42]. Thus, single carrier 50-Gb/s systems us-

ing a DML and a direction detection receiver are attractive for VSR applications. The

modulation bandwidth of conventional high speed DMLs is limited to 10-GHz with

an extinction ratio of 8 dB [43]. One method of increasing the modulation bandwidth

is to operate at a large enough bias current. However, this results in a low extinction

ratio, which is undesirable for intensity modulated schemes. Optimizing the DFB
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Figure 1.6: 4× 25-Gb/s parallel lanes for short reach optical communications.

laser design such as gain material and device geometry can extend the modulation

bandwidth to 30 GHz [44]. Other approaches involve utilizing the photon-photon

resonance through injection locking [45] or by operating a multi-section laser [46,47].

A passive feedback laser (PFL) is a two-section device consisting of a distributed

feedback (DFB) laser and an integrated feedback (IFB) section. PFLs which utilize a

photon-photon resonance have been shown to exhibit a 3-dB modulation bandwidth

in excess of 35 GHz, enabling intensity modulation up to 40-Gb/s. To achieve bit

rates greater than 40-Gb/s, multi-level intensity modulation with high spectral effi-

ciency and a relatively low symbol rate is required. This solution would offer a small

footprint and high capacity for WDM links and can enable 100-Gb/s with either a

dual wavelength, single polarization or single wavelength, dual polarization approach

as depicted in Figure 1.7 (a) and (b), respectively.

Transmission at 100-Gb/s over 100 m of SMF was achieved using dual polarization

4-level intensity modulation and a vertical cavity surface emitting laser (VCSEL)

with a bandwidth of 18 GHz [48]. Using discrete multitone modulation (DMT),

transmission over 20 km of SMF was achieved at 52.8-Gb/s with a DFB laser [49]. A
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Figure 1.7: Single carrier 50-Gb/s IM/DD solutions for 100-Gb/s: (a) dual wave-
length, single polarization (b) single wavelength, dual polarization.

100-Gb/s dual wavelength DMT solution employing 2 × 50-Gb/s over 80 km of SMF

with optical dispersion compensation was recently demonstrated [50]. An alternate

approach is single-cycle subcarrier modulation (SCM). In this approach, a QAM

signal is modulated onto an electrical RF subcarrier with a frequency equal to the

symbol rate [51]. A 37-Gb/s 16-QAM single-cycle SCM was demonstrated using a

directly modulated VCSEL with a bandwidth of 20 GHz [52]. Recently, half-cycle

SCM was demonstrated at 10-Gb/s using a VCSEL [53]. In this research, a 56-Gb/s

16-QAM signal is generated using SCM with a subcarrier frequency of half the symbol

rate, pulse shaping at the transmitter and a directly modulated PFL. A list of recent

representative examples of experimental results related to > 50-Gb/s single carrier

DML based IM/DD systems is summarized in Table 1.3.
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Table 1.3: High speed DML based IM/DD Systems.

Tx TECHNIQUE BIT-RATE REACH REFERENCE YEAR
VCSEL 4-level IM 50-Gb/s 100 m DTU [48] 2012
DML DMT 52.8-Gb/s 20 km Fujitsu [49] 2012
PFL SCM 56-Gb/s 4 km Queen’s [54] 2012

1.5 Relevant Concepts

In this section, relevant concepts appearing throughout the thesis are described.

1.5.1 Forward Error Correction

The use of forward error correction (FEC) encoding at the transmitter and decoding

at the receiver is fundamental to the recent advances in optical fiber communications.

Throughout this thesis, the synchronous optical networking (SONET) FEC overhead

is adopted for the OC-192 bit rate of 9.953-Gb/s. In particular a 7% FEC overhead

is assumed with a total line rate of 10.709225-Gb/s [55]. Beyond 10-Gb/s systems,

the 7% overhead is still maintained for the 100-Gb/s bit rate within the Ethernet

standard resulting in a line rate of 111.809973-Gb/s, which is commonly operated

at 112-Gb/s [55]. Today, 7% FEC schemes are commercially available and widely

deployed with a given amount of latency [56]. The level of performance improvement

with the 7% FEC overhead depends largely on the FEC decoding at the receiver.

Several limits for the pre-FEC bit error ratio (BER) have been reported, such as

1.0 × 10−3, 3.8 × 10−3 [56] and 4.8 × 10−3 [57], aiming for a post-FEC BER below

10−15. Throughout this work the pre-FEC BER limit considered is BER = 1.0×10−3

and BER = 3.8× 10−3.
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1.5.2 Measuring System Performance

To quantify the performance of different EDC techniques, a typical approach involves

adding broadband noise from an amplified spontaneous emission (ASE) source to the

optical signal prior to the receiver [58]. This process is referred to as noise loading

and facilitates measuring the BER as a function of the optical signal to noise ratio

(OSNR). Throughout this work, the BER is measured using bit error counting and the

OSNR is measured in the conventional 0.1 nm bandwidth using the built-in feature of

an Agilent 86146B optical spectrum analyzer (OSA) [59]. Without loss of generality,

an example of the resulting plot of the log10(BER) against OSNR in dB is shown in

Figure 1.8 (a). This is known as the waterfall curve [6, 58]. For short reach optical

links, which do not employ inline amplification, a waterfall curve similar to Figure 1.8

(a), can be obtained for the log10(BER) plotted against the received optical power

(ROP) in dBm. Placing a variable optical attenuator (VOA) before the receiver

facilitates measuring the BER as a function of the ROP [6].

At a given pre-FEC BER limit, the required OSNR or ROP can be obtained for a

particular transmission distance. Subsequently, the system dispersion tolerance can

be determined through plotting the required OSNR against fiber length as shown in

Figure 1.8 (b). As the optical signal travels through multiple spans of fiber, each

with an EDFA to offset the loss, the OSNR would naturally degrade as a function

of distance. This is referred to as the available or deliverable OSNR, which is solely

dependent on the fiber length, fiber loss, number of spans, EDFA noise figure and

launch power irrespective of modulation format or dispersion induced degradation [7].

Typically, network operators must ensure error free transmission with the required
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OSNR at a particular margin below the available OSNR. This is indicated in Fig-

ure 1.8 as the OSNR operating point. In Figure 1.8 (b), transmitter (Tx2) has a

higher dispersion tolerance than (Tx1), allowing for longer reach. In the case of an

EDC transmitter, the generated optical signal targets a specific fiber length. A mini-

mum required OSNR is achieved at that distance while gradually increasing at higher

and lower neighboring distances forming a dispersion tolerant window.

Figure 1.8: Illustrations depicting the performance characterization of EDC trans-
mitters: (a) waterfall curve for log10(BER) against OSNR, (b) required
OSNR at a particular FEC limit against transmission length.

1.5.3 Arbitrary Electronic Waveform Generation

The field of arbitrary electronic waveform generation has seen tremendous improve-

ments with the developments of high speed DACs capable of producing over 56-GSa/s.

These technological advances came naturally with the success of the integrated circuit

industry in mastering complementary metal-oxide-semiconductor (CMOS) transistors

down to 40 nm. An overview of the recent improvements in DAC sampling speed and

resolution is summarized in Table 1.4.

Arbitrary electronic waveform generation is utilized extensively throughout this
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Table 1.4: The development of DAC technology since 2005.

DAC TECHNOLOGY REFERENCE YEAR
22-GSa/s 6-bit DAC in 130 nm BiCMOS [17] 2005
35-GSa/s 4-bit DAC in 180 nm BiCMOS [60] 2009
34-GSa/s 6-bit DAC in 180 nm SiGe BiCMOS [61] 2010
43-GSa/s 6-bit DAC in 180 nm SiGe BiCMOS [19] 2010
56-GSa/s 6-bit DAC in 65 nm CMOS [62] 2011
65-GSa/s 8-bit DAC in 40 nm CMOS [63] 2011

research with two distinct DACs. The first DAC operates at 21.418-GSa/s (6-bit

resolution) within an ASIC developed by Nortel (now Ciena) for electronic dispersion

pre-compensation with a LiNbO3 dual-drive MZM [17]. This ASIC is depicted in

Figure 1.9 (a). The DSP algorithms implemented in the ASIC are primarily designed

for EDC with an external modulator. Consequently, in this research, the DSP is

bypassed while an external memory is interfaced to each DAC allowing for 32K of

arbitrary digital samples to be stored and generated periodically. Since, only one

DAC is required for driving the DML, the other was terminated with a 50 Ω load.

As the number of digital samples stored in memory must be devisable by 2, arbitrary

electronic waveform generators can not produce a 2n − 1 pseudo-random binary se-

quence (PRBS), which are typical of bit pattern generators. In this research, a de

Bruijn bit sequence (DBBS) which allows for even number of samples is used instead.

The second set-up utilizes a Micram VEGA DAC as depicted in Figure 1.9 (b).

The Micram DACs are a powerful tool for arbitrary waveform generation with a

flexible sampling rate up to 34-GSa/s (6-bit resolution) and an analog bandwidth

of 18-GHz [61]. A half-rate clock at half the desired sampling frequency is supplied

to the clock distribution module (CD17), which synchronizes two evaluation boards

containing the DAC chips and two field-programmable gate array (FPGAs). The
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Figure 1.9: Arbitrary electronic waveform generation: (a) ASIC with 21.418-GSa/s
DAC, (b) Micram 34-GSa/s VEGA DAC.

primary function of the FPGA in this research is to store up to 512K digital samples

and periodically transfer them to the evaluation boards through 24 serial lines [64].

The 21.418-GSa/s DAC implemented within Nortel’s ASIC is utilized in chapter

2 and chapter 3 for the purpose of electronic dispersion pre-compensation at a bit

rate of 10.709-Gb/s with a DML and CML, respectively. The Micram VEGA DAC is

utilized in chapter 4 for driving a directly modulated PFL to produce DPSK signals

at a bit rate of 10.709-Gb/s, 14-Gb/s and 16-Gb/s with 2 samples per bit. Also in

chapter 4, the Micram DAC is utilized for investigating RF subcarrier modulation.

1.5.4 Raised Cosine Pulse Shaping

Throughout this thesis, raised cosine (RC) pulse shaping and filtering is used in both

simulation and experiment. The RC pulse shape offers the advantage of being strictly

band-limited, with flexible bandwidth control through adjusting the roll-off factor.

Furthermore, RC pulses do not experience any inter-symbol-interference due to the

presence of a zero crossing at the symbol center. An RC pulse shape is mathematically
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described in the time domain by the following expression:

h(t) = sinc

(
t

T

)
cos
(
πβt
T

)
1− 4β2t2

T 2

(1.7)

where T is the symbol period and β is the roll-off factor. In the frequency domain

the RC filter is described by:

H(f) =


T, |f | ≤ 1−β

2T

T
2

[
1 + cos

(
πT
β

[
|f | − 1−β

2T

])]
, 1−β

2T
< |f | ≤ 1+β

2T

0, otherwise

(1.8)

A plot of h(t) and H(f) for different roll-off factor β values is shown in Figures 1.10

(a) and (b), respectively. A roll-off factor of β = 0 is known as the Nyquist pulse

shape, which exhibits a square-like spectrum.

Figure 1.10: Raised cosine pulses with different roll-off factors: (a) Time domain h(t).
(b) Frequency domain H(f).

1.6 Contributions

The following publications are the outcome of the research presented in this thesis.
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1.6.1 Journal Publications

[J1] A. S. Karar and J. C. Cartledge, “Electronic Post-Compensation of Dispersion for

Directly Modulated Laser Systems Using Subcarrier Modulation and Direct Detection,”

submitted IEEE Photon. Technol. Lett., 2012.

[J2] A. S. Karar and J. C. Cartledge, “Generation and Detection of a 56-Gb/s Signal Us-

ing a Directly Modulated Laser and Half-Cycle 16-QAM Nyquist-Subcarrier-Modulation,”

submitted to the IEEE Photon. Technol. Lett., 2012.

[J3] A. S. Karar, Y. Gao, K. P. Zhong, J. H. Ke and J. C. Cartledge, “Generation and

Transmission of DPSK Signals Using a Directly Modulated Passive Feedback Laser,” ac-

cepted for Opt. Express, (paper ID:177134), 2012.

[J4] A. S. Karar, J. C. Cartledge, and K. Roberts, “Transmission Over 608 km of Standard

Single Mode Fiber Using a 10.709-Gb/s Chirp Managed Laser and Electronic Dispersion

Pre-Compensation,” IEEE Photon. Technol. Lett. , vol. 24, no. 9, pp 760-762, 2012.

[J5] A. S. Karar, M. Yañez, Y. Jiang J. C. Cartledge, J. Harley and K. Roberts, “Elec-

tronic Dispersion Pre-compensation for 10.709-Gb/s using a Look-Up Table and a Directly

Modulated Laser,” Opt. Express, vol. 19, no. 26, pp. B81-B89, 2011.

[J6]A. S. Karar, J. C. Cartledge, J. Harley and K. Roberts, “Electronic Pre-Compensation

for a 10.7-Gb/s System Employing a Directly Modulated Laser,” IEEE/OSA J. Lightwave

Technol., vol. 29, no. 13, pp. 2069-2076, 2011.

[J7] J. C. Cartledge, Y. Jiang,A. S. Karar, J. Harley and K. Roberts, “Arbitrary Waveform

Generation for Pre-compensation in Optical Fiber Communication Systems,” Invited Paper,

Opt. Commun., vol. 284, no. 15, pp.3711-3717, 2011.
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1.6.2 Conference Publications

[C1] A. S. Karar and J. C. Cartledge, “Generation and Detection of 112-Gb/s Dual-

Polarization Signal Using a Directly Modulated Laser and Half-Cycle 16-QAM Nyquist-

Subcarrier-Modulation,” Proc. Eur. Conf. Opt. Commun., post-deadline paper session

Th.3.A.4, 2012.

[C2] A. S. Karar, Y. Gao, K. P. Zhong, J. H. Ke and J. C. Cartledge, “Generation of

DPSK Signals Using a Directly Modulated Passive Feedback Laser,” Proc. Eur. Conf.

Opt. Commun., paper Tu.4.A.1, 2012.

[C3] A. S. Karar, M. Yañez, Y. Jiang J. C. Cartledge, J. Harley and K. Roberts, “Elec-

tronic Dispersion Pre-compensation using a Directly Modulated Laser at 10.7-Gb/s,” Proc.

Eur. Conf. Opt. Commun., paper We.7.A.3, 2011.

[C4] A. S. Karar, J. C. Cartledge, J. Harley and K. Roberts, “Reducing the Complexity of

Electronic Pre-compensation for the Nonlinear Distortions in a Directly Modulated Laser,”

Proc. SPPCom., paper SPWA2, 2011.

[C5] A. S. Karar, Y. Jiang, J. C. Cartledge, J. Harley, D. J. Krause and K. Roberts,

“Electronic Precompensation of Nonlinear Distortion in a 10 Gb/s 4-ary ASK Directly

Modulated Laser,” Proc. Eur. Conf. Opt. Commun., paper P3.03, 2010.

1.6.3 Original Contribution

• The first derivation of a closed form expression for the driving current to a DML as

a function of the target output power reversing the large signal rate equations. This

back-calculation is experimentally demonstrated using DSP and a 21.418-GSa/s DAC

in reducing the nonlinear distortion in the output optical power for both 2-level and
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4-level modulation at a bit rate of 10.709-Gb/s. These results are reported in the

following publications [C5],[C4],[J7].

• The nonlinear distortion pre-compensation technique is utilized in a novel LUT opti-

mization for electronic dispersion pre-compensation with a DML. Theoretical study

of this approach is reported in [J6]. Experimental demonstration reveals an increase

in the transmission reach of a 2.5-Gb/s DML operating at 10.709-Gb/s from 10 km

to 252 km of SMF. Experimental results are published in [C3],[J5].

• The first demonstration of an effective mean of increasing the transmission limit of a

commercially available 10.709-Gb/s CML from 200 km to 608 km of SMF using DSP

and a 21.418-GSa/s DAC. Experimental results are published in [J4].

• The large modulation bandwidth and fine chirp tuning capabilities of a directly mod-

ulated PFL are utilized in generating DPSK signals at 10.709-Gb/s, 14-Gb/s and

16-Gb/s. The DPSK signal is subsequently recovered using either noncoherent de-

tection for a bit rate of 10.709-Gb/s or coherent detection with DSP involving a

LUT pattern dependent distortion compensator. Transmission over 100 km of SMF

is achieved with a loss margin of 49 dB illustrating the potential of DMLs in passive

optical access networks. Results are published in [C2],[J3].

• A 16-QAM signal is generated using subcarrier modulation with a subcarrier fre-

quency of half the symbol rate, Nyquist pulse shaping, and a directly modulated PFL

at bit rates of 14-Gb/s, 28-Gb/s and 56-Gb/s. Using polarization multiplexing emu-

lation, a pre-amplified direct detection receiver and DSP, loss margins of 12.6 dB and

8 dB are achieved for the 112-Gb/s dual polarization signal within a 33 GHz optical

bandwidth at back-to-back and after 4 km transmission, respectively. For signals
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generated by a DML, the results represent, the highest bit rate that accommodates

a 50 GHz channel spacing and the largest allowable link loss for a 112-Gb/s IM/DD

system. The results are reported in the following publications [C1],[J2].

• A novel electronic dispersion post-compensation algorithm is described and experi-

mentally demonstrated for short reach optical links employing a DML transmitter

with SCM and DSP enabled direct detection receiver. The proposed EDC algorithm

utilizes the functional relationship between the DML output optical power and chirp

in deducing the received optical phase, which is normally lost under direct detection.

Subsequently, standard frequency domain equalization is performed to mitigate the

link dispersion. The proposed algorithm is applied to a single polarization 56-Gb/s

and dual polarization 112-Gb/s 16-QAM half-cycle Nyquist SCM signal transmitted

over 4 km of SMF. A 3 dB and 5 dB improvement in the ROP relative to back-to-back

performance is achieved for the 56-Gb/s and 112-Gb/s signals at a BER of 1.0×10−3,

respectively. The results have been submitted for publication in [J1].

1.7 Thesis Overview

An overview of the thesis is summarized in Table 1.5.

Table 1.5: Thesis overview.

CHAPTER DEVICE DAC BRIEF DESCRIPTION
chapter 2 DML Nortel ASIC Electronic dispersion pre-compensation

for a DML at 10.709-Gb/s
chapter 3 CML Nortel ASIC Electronic dispersion pre-compensation

for a CML at 10.709-Gb/s
chapter 4 PFL Micram VEGA DPSK generation with a PFL

Half-Cycle Nyquist-SCM with a PFL
chapter 5 – – Conclusion and future work



Chapter 2

Directly Modulated Laser

The direct modulation of a semiconductor laser is a low cost solution for metropolitan

area networks that exhibits a small size, low power dissipation and high output optical

power. However, at high modulation frequencies, the output signal from a DML is

distorted due to the intrinsic resonance in the laser dynamics. The output optical

power and chirp exhibit damped periodic relaxation oscillations that limit the system

reach. In this chapter we investigate electronic pre-compensation for a 10.709-Gb/s

system employing a DML. Initially, the nonlinear distortion resulting from the direct

modulation of the laser is mitigated by pre-compensation based on reversal of the

large signal rate equations and the use of DSP to generate an appropriate modulating

current [65–67]. This concept is subsequently utilized in a novel LUT optimization

scheme for EDC extending the DML reach to 252 km [23,68,69].

28
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2.1 Modulation Characteristics

The modulation dynamics of a semiconductor laser are determined by means of the

large signal rate equations assuming a noiseless system with oscillations in a single

longitudinal mode above threshold. These equations relate the carrier density N(t),

photon density S(t) and optical phase φ(t) to the modulating current I(t) [43, 70]:

dS(t)

dt
= Γg0(N(t)−N0)

S(t)

(1 + εS(t))
− S(t)

τp
+

ΓβspN(t)

τe
(2.1)

dN(t)

dt
=
I(t)

qV
− N(t)

τe
− g0(N(t)−N0)

S(t)

(1 + εS(t))
(2.2)

dφ(t)

dt
=

1

2
βc

[
Γg0(N(t)−N0)−

1

τp

]
(2.3)

where Γ denotes the mode confinement factor, N0 is the carrier density at trans-

parency, τp and τe are the photon and electron lifetimes respectively, βsp is the frac-

tion of spontaneous emission coupled into the lasing mode, q is the electron charge,

V is the active layer volume, g0 is the gain slope constant, βc is the linewidth en-

hancement factor and ε is the gain compression factor. The gain slope constant g0

is given by g0 = vga0, where vg is the group velocity and a0 is the active layer gain

coefficient [43,70]. In equation (2.1), βsp also accounts for the fraction of spontaneous

carrier recombinations that are radiative. The large signal rate equations (2.1)-(2.3)

can be solved with either a constant or coefficient based electron carrier lifetime model

for τe. The latter approach is adapted in this study as it better approximates the

laser dynamics [43]. The spontaneous carrier lifetime τe is given by:

τe =
(
Anr +BrrN + CarN

2
)−1

(2.4)

where Anr is the nonradiative recombination rate, Brr is the radiative recombination

coefficient and Car is the Auger recombination coefficient [43]. The optical power



CHAPTER 2. DIRECTLY MODULATED LASER 30

P (t) and chirp ∆v(t) at the output of the semiconductor laser are given by [43,70]:

P (t) =
S(t)V η0hv

2Γτp
(2.5)

∆v(t) =
1

2π

dφ(t)

dt
(2.6)

where η0 is the differential quantum efficiency, h is Planck’s constant and v is the

photon frequency. The threshold carrier density Nth can be calculated as [6]:

Nth = N0 + (τpΓvga0)
−1 (2.7)

The threshold current Ith is then calculated as [6, 43]:

Ith = qNthV
(
Anr +BrrNth + CarN

2
th

)−1
(2.8)

Typical values for the rate equation parameters can be found in [43] and are

adequate for general simulation purposes. However, detailed knowledge of the rate

equation parameters for a particular device is necessary to obtain agreement between

simulation and experimental results. The rate equation model should reproduce the

measured time variations of the optical power and chirp in response to a modulating

injection current. A method of extracting the DFB rate equation parameters, which

utilizes measurements of the threshold current, the optical power and small signal

response is used in this work [71,72].

The small signal intensity modulation (IM) response is a useful property in char-

acterizing the intrinsic modulation dynamics of a semiconductor laser. To capture

the dependence of the IM response on the bias current, while eliminating the contri-

bution of the laser package, the IM response of the laser biased just above threshold

and well above threshold are subtracted (in dB). The resulting subtraction is solely

dependent on the IM response of the laser [72]. The semiconductor laser modeled is

a capped mesa buried heterostructure (CMBH) grown on an n-type substrate with
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multi-quantum well (MQW) active layer and DFB grating layer. The laser was man-

ufactured by CyOptics (Model 1601) and designed for a bit rate of 2.5-Gb/s [73]. An

image of the commercially available packaged DML-1601 is shown in Figure 2.1.

Figure 2.1: The CyOptics packaged directly modulated laser (Model 1601).

The temperature of the DFB laser was controlled through a thermal electric cooler

(TEC) at 40o C, while exhibiting a threshold current Ith = 21.1 mA. All small signal

IM responses in this chapter was measured using the HP8703A lightwave component

analyzer (LCA), which is rated from 130 MHz to 20 GHz operation [74]. The calibra-

tion process outlined in [74] was employed and the HP8703A LCA was set-up under

the E/O device under test option. A total of 1601 points were captured with trace av-

eraging enabled. The measured IM response at a bias current close to threshold Ibias

= 1.18 Ith (25 mA) and a bias current well above threshold Ibias = 2.6 Ith (55 mA) is

shown in Figure 2.2. The sum of squared errors between the measured and calculated

values of the subtracted IM response is minimized using a least square optimization

procedure to find the rate equation parameters which result in a best fit [71, 72]. A

set of rate equation parameters obtained from the vendor [75] was used as an initial

condition to the optimization procedure. The measured and fitted subtracted IM re-

sponse are shown in Figure 2.3. The subtracted IM response method can extract the
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parameters needed to describe the carrier and photon density interactions governed

by the coupled rate equations (2.1) and (2.2).
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Figure 2.2: Measured DML small-signal IM response at 40o C for a bias current of
Ibias = 1.18 Ith (25 mA) and Ibias = 2.6 Ith (55 mA).

The remaining parameter is the linewidth enhancement factor βc, which was esti-

mated through fitting a time resolved chirp measurement. Using equations (2.1)-(2.3),

the chirp at the output of a DFB laser ∆v(t) can be expressed as a combination of

adiabatic and transient contributions [6, 43] corresponding to the first and second

term of the following expression [43]:

∆v(t) =
βc
4π

(
2Γε

V η0hv
P (t) +

1

P (t)

dP (t)

dt

)
(2.9)

Using equation (2.9), and the extracted values of Γ, ε, V and η0 the value of βc which

minimizes the sum of squared errors between the measured and simulated sampled

values of the time resolved chirp ∆v(t) was found. To measure the dynamic chirp of

the DFB laser the Advantest Q7607 optical chirp test set was connected to a Tektronix
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Figure 2.3: Measured and calculated fit for the subtracted IM responses at bias cur-
rents of Ibias = 1.18 Ith (25 mA) and Ibias = 2.6 Ith (55 mA).

CSA8000 sampling oscilloscope according to the procedure outlined in [76]. The DFB

laser was DC biased well above threshold at 55 mA. A pulse pattern generator was

used to modulate the DFB laser with an AC coupled 27 − 1 PRBS at a bit rate of

2.5-Gb/s. The peak-to-peak current swing was 10 mA, inducing an 8 GHz adiabatic

dominant chirp. The Tektronix CSA8000 was set to ”pattern-lock mode”, allowing

the Advantest Q7607 to capture the equivalent time sample values of the output

optical chirp ∆v(t) and power P (t). The nominal value for the extracted linewidth

enhancement factor was found to be around 3.3. A comparison of the measured time

resolved chirp and calculated chirp using equation (2.9) with the time samples of P (t)

for βc = 3.3 reveals close agreement as shown in Figure 2.4.

The extracted rate equation parameters are presented in Table 2.1. Agreement was

achieved between the measured and simulated L-I curve at an operating temperature

of 40o C as shown in Figure 2.5. The measured and simulated threshold current Ith
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Figure 2.4: Comparison of the measured and calculated results for ∆v(t) using equa-
tion (2.9) with βc = 3.3 for a 2.5-Gb/s 8 GHz adiabatic dominant chirp.

was ≈ 21.1 mA. The measured operating wavelength at a bias current Ibias = 2.6 Ith

(55 mA) was 1530.82 nm as indicated by the measured optical CW spectrum shown

in the inset of Figure 2.5.

To validate the large signal model with the extracted parameters, a comparison

between simulation and experimental results was performed. A fourth-fifth Runge-

Kutta algorithm was used to numerically integrate the coupled first order differential

equations (2.1)-(2.3) in a co-simulation environment utilizing MATLAB [77] and Op-

tiSystem [78]. In the experiment, the laser was modulated using a pulse pattern

generator and biased just above and just below the threshold current, where the non-

linear dynamics of the laser are fully pronounced. In the simulation, the input current

was obtained by filtering an ideal square pulse train with a Gaussian filter exhibiting

a 3-dB bandwidth of 5 GHz. The results in Figure 2.6 show the measured and simu-

lated laser output power when modulated using a NRZ 27−1 PRBS at 2.5-Gb/s, with
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Table 2.1: Semiconductor laser rate equation parameters for an operating tempera-
ture of 40o.

PARAMETER SYMBOL VALUE
Confinement factor Γ 0.1
Carrier density at transparency N0 1.8× 1018 cm−3

Gain compression factor ε 4.5× 10−17 cm3

Photon lifetime τp 1.36 ps
Electron lifetime at threshold τe 0.66 ns
Nonradiative recombination rate Anr 1× 108 s−1

Radiative recombination coefficient Brr 2× 10−10 cm3/s
Auger recombination coefficient Car 10× 10−29 cm6/s
Spontaneous emission factor βsp 1× 10−4

Active-region volume V 3× 10−11 cm3

Group velocity vg 7.49× 109 cm/s
Gain constant a0 7× 10−16 cm2

Linewidth enhancement factor βc 3.3
Differential quantum efficiency η0 0.19

the binary zero and one corresponding to I0 = 1.09 Ith (23.0 mA) and I1 = 1.63 Ith

(34.3 mA), respectively. The results in Figure 2.7 show the measured and simulated

output power at 2.5-Gb/s with the zero level just below the threshold I0 = 0.9 Ith

(19.0 mA) and the one level at I1 = 1.46 Ith (30.8 mA). The nonlinear distortions pre-

dicted by the large signal rate equation model approximate the measured distortions

appearing in Figure 2.6 and Figure 2.7 reasonably well. In particular, the relaxation

oscillation frequency in both measurement and simulation show close agreement. The

magnitude of the nonlinear overshoot and undershoot in the optical power is higher

when the drive current is biased below threshold as indicated by measurement and

predicted by simulation.
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Figure 2.5: Measured and simulated L-I curve at 40o C operating temperature. (inset:
measured CW optical spectrum with a 0.05 nm resolution bandwidth).
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Figure 2.6: Measured and simulated large signal response to NRZ modulation at 2.5-
Gb/s with I0 = 1.09 Ith (23.0 mA) and I1 = 1.63 Ith (34.3 mA).
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Figure 2.7: Measured and simulated large signal response to NRZ modulation at 2.5-
Gb/s wtih I0 = 0.90 Ith (19.0 mA) and I1 = 1.46 Ith (30.8 mA).
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2.2 Nonlinear Distortion Pre-Compensation

A laser diode converts a signal from the electrical domain into the optical domain.

In ideal terms, any change in the electric current would result in an instantaneous

change in the optical power emitted from the laser. This ideal behavior can be de-

duced from the L-I curve shown in Figure 2.5. However, at high modulation frequen-

cies (> 1 GHz), a DML exhibits nonlinear distortions, which appear as a consequence

of the intrinsic resonance in the laser dynamics. These nonlinear distortions are

manifested as damped periodic relaxation oscillations in the output optical power in

response to fast pulse transitions in the modulating current. The DML nonlinear

distortions degrade the performance of optical communication systems and become

fully pronounced when the laser is biased close to the threshold current Ith. Sev-

eral techniques, such as feed-forward compensation [79], optical injection locking [80],

electronic pre-distortion using analog circuits [81] and dual-parallel modulation [82]

have been proposed to suppress these nonlinear distortions. However, these solutions

are complicated to build, require electrical or optical feedback and do not fully lin-

earize the relation between the modulating input current and output optical power.

In this section, electronic pre-compensation is used to mitigate the nonlinear modu-

lation dynamics of a DML transmitter. The key concept is using DSP to generate an

appropriate drive current that produces a target output optical waveform.

2.2.1 Theoretical Investigation

An algebraic back-substitution can be performed to find the ideal required input

current, which would produce a specific target output power profile Ptr(t) [65, 83].

The target photon density is defined as Str(t) = (2Ptr(t)Γτp)/(V η0hv). Substituting
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Str(t) into equation (2.1) and solving for the carrier density yields:

Nbc(t) =

dStr(t)

dt
+
Str(t)

τp
+

Γg0N0

(1 + εStr(t))

Γg0Str(t)

(1 + εStr(t))
+

Γβsp
τe

(2.10)

where Nbc(t) denotes the back-calculated carrier density. Note that equation (2.10)

assumes a constant electron lifetime model for τe to simplify isolating for Nbc(t). In

particular τe assumes its value at threshold. This however, does not significantly

affect the accuracy of the back-calculation. With the carrier density determined, the

required current can be obtained by solving for I(t) in equation (2.2):

Ibc(t) =

[
dNbc(t)

dt
+
Nbc(t)

τe
+ g0(Nbc(t)−N0)

Str(t)

(1 + εStr(t))

]
qV (2.11)

where Ibc(t) denotes the ideal back-calculated drive current. In equation (2.11), the

electron lifetime assumes the coefficient model given in equation (2.4). The laser

output power profile is expected to closely match Ptr(t), when driven by Ibc(t). How-

ever, the exact expression for Ibc(t) in equation (2.11) is rather complicated and has

not been formulated directly as an analytical function of Ptr(t). It is convenient to

rearrange the terms in equation (2.10) as follows:

g0(Nbc(t)−N0)
Str(t)

(1 + εStr(t))
=

1

Γ

[
dStr(t)

dt
+
Str(t)

τp
− Γβsp

τe
Nbc(t)

]
(2.12)

The right hand side of equation (2.12) can be substituted into equation (2.11) elimi-

nating the (1 + εStr(t)) term. Thus Ibc(t) can now be expressed as:

Ibc(t) =

[
dNbc(t)

dt
+
Nbc(t)

τe
+

1

Γ

(
dStr(t)

dt
+
Str(t)

τp
− Γβsp

τe
Nbc(t)

)]
qV (2.13)

Observing equation (2.10), the constant Γβsp/τe has a small numerical contribution

and can be eliminated. Thus Nbc(t) can be conveniently written as:

Nbc(t) =
1

Γg0

(
1

Str(t)

dStr(t)

dt

)
+

ε

Γg0

dStr(t)

dt
+

ε

Γg0τp
Str(t) +

(
N0 +

1

Γg0τp

)
(2.14)
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Substituting equation (2.14) and its derivative into equation (2.13) yields an expres-

sion for Ibc(t) that is solely dependent on Str(t). Using the scaling factor for relating

the output optical power to the photon density in equation (2.5), it is possible to

express Ibc(t) directly as an analytical function of Ptr(t):

Ibc(t) =
qV

Γg0

d

dt

(
1

Ptr(t)

dPtr(t)

dt

)
+
qV ε

Γg0

(
2Γτp
V ν0hv

)
d2Ptr(t)

dt2

+

(
εqV

Γg0τp
+
εqV (1− βsp)

Γg0τe
+
qV

Γ

)(
2Γτp
V ν0hv

)
dPtr(t)

dt

+
qV (1− βsp)

Γg0τe

(
1

Ptr(t)

dPtr(t)

dt

)
+

(
εqV (1− βsp)

Γg0τpτe
+
qV

Γτp

)(
2Γτp
V ν0hv

)
Ptr(t)

+
qV (1− βsp)

τe

(
N0 +

1

Γg0τp

)
(2.15)

The expression in equation (2.15) can be further simplified through eliminating the

second and fourth term, as they exhibit a relatively small numerical contribution,

without affecting the accuracy of the back-calculation. The back-calculation current

Ibc(t) can be finally expressed as a simple closed-form analytical function of Ptr(t):

Ibc(t) = A
d

dt

(
1

Ptr(t)

dPtr(t)

dt

)
+B

(
dPtr(t)

dt

)
+ CPtr(t) +D (2.16)

where A, B, C and D are constants that depend on the rate equation parameters:

A =
qV

Γg0

B =

(
εqV

Γg0τp
+
εqV (1− βsp)

Γg0τe
+
qV

Γ

)(
2Γτp
V ν0hv

)
C =

(
εqV (1− βsp)

Γg0τpτe
+
qV

Γτp

)(
2Γτp
V ν0hv

)
D =

qV (1− βsp)
τe

(
N0 +

1

Γg0τp

)
It is evident from equation (2.16) that the back-calculated current is composed of

two AC coupled components (Term 1 and Term 2) capturing the laser dynamics,
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a scaled version of the target power profile Ptr(t) (Term 3) and a DC offset (Term

4). Coincidentally, the expression for the DC offset D is equivalent to that of the

threshold current assuming a constant electron life-time [43]. If the DML is better

modeled with a coefficient based electron lifetime, D can be re-assigned the new value

of the threshold current without affecting the accuracy of the back-calculation.

This formulation shows that it is theoretically possible to fully eliminate the non-

linear distortions in the output optical power through carefully tailoring the modu-

lating current. However, the ideal current has a large bandwidth as evident by the

first two terms of equation (2.16). To practically generate the modulating current

without analog circuits a sequence of DSP steps is performed to allow for DACs with

reasonable sampling rates, as outlined in Figure 2.8. The analog back-calculated drive

current Ibc(t) (obtained by reversing the large signal rate equations) is band-limited

to B Hz using a numerical RC filter with a roll-off factor of 0.1. The filtered version

of Ibc is then sampled at 2B Sa/s satisfying the Nyquist-Shannon sampling theorem

and quantized into K levels. Finally, the quantized samples are applied to an ideal

DAC modeled by the MATLAB interpft function. The DAC generates an analog

RF signal which is mapped to the DSP generated drive current of the DML denoted

IDSP . Throughout this investigation the DAC operates with a 6 bit resolution (K =

64 levels) and a sampling rate (2B) of either 21.418-GSa/s or 42.836-GSa/s.

A simulation was carried out in MATLAB and OptiSystem to model the steps in

Figure 2.8, with a high bandwidth PIN receiver placed at the output of the DML.

A fourth-fifth Runge-Kutta algorithm was used to numerically integrate the coupled

first order differential equations (2.1)-(2.3) with the extracted parameters presented

in Table 2.1 at a bit rate of 10.709-Gb/s. The ideal and DSP generated drive currents
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Figure 2.8: Flow-chart of the back-calculation and DSP steps involved in nonlin-
ear distortion pre-compensation. DSP: digital signal processing; DAC:
digital-to-analog converter; DML: directly modulated laser.

were calculated for a target optical power Ptr(t) defined as a 211 de Brujin bit sequence

(DBBS) NRZ-OOK signal with an offset (Ptr(t) > 0) RC pulse exhibiting a roll-off

factor of 1.0. The zero and one power levels of Ptr(t) were set to correspond to a drive

current of 1.18 Ith (25 mA) and 3.55 Ith (75 mA), respectively. For comparison, the

laser was also modulated under similar conditions using a standard RC NRZ drive

current with a roll-off factor of 1.0 and without any pre-compensation to emulate the

output of an ideal bit pattern generator.

The simulated time domain trace and RF spectra of the terms constituting equa-

tion (2.16) are shown in Figure 2.9 and Figure 2.10, respectively. It is clear that

Term 1 contributes to the high frequency content of Ibc(t) as evident from the RF
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spectra. The time domain trace for the ideal current shows two short current pulses

with a duration of ≈ 30 ps, one just prior to the rising-edge and the other just after

the falling-edge of the optical power pulse representing a logic 1 or stream of 1’s.

These side pulses are responsible for the suppression of the relaxation oscillations as

their respective amplitude peaks reduce the overshoot and undershoot in the carrier

density N(t) at bit transitions. It is worth noting that for a fixed set of rate equation

parameters, the magnitude of Term 1 can be reduced by targeting a power profile with

a high DC component as the derivative of [dPtr(t)/dt)(1/Ptr(t)] becomes small. This

fact has been shown experimentally, where the laser nonlinear distortions are sup-

pressed with an increasing bias current at the expense of a low extinction ratio [43].

Equation (2.16) provides insight into the sensitivity of electronic pre-compensation

to the different laser rate equation parameters, and the minimum DAC sampling rate

required for capturing the high frequency content of the pre-compensation current.
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Figure 2.9: Time domain trace of the terms constituting equation (2.16) required for
nonlinear distortion pre-compensation at 10.709-Gb/s.
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Figure 2.10: RF spectra of the terms constituting equation (2.16): Term 1, Term 2
(offset by 30 dBm for clarity) and Term 3 (offset by 45 dBm for clarity).

The simulated time domain traces for the ideal current and DSP generated cur-

rents are shown in Figure 2.11. The RF spectra for the ideal current and DSP

generated currents are shown in Figure 2.12. Although the 42.836-GSa/s DSP gen-

erated drive current only captures a portion of the RF spectra of the ideal case, the

short current pulsations depicted in the time domain trace remain pronounced and

pre-compensate the nonlinear modulation dynamics of the laser. As the DAC sample

rate decreases the current pulsations tend to move closer to the main on-state pulse,

nearly merging into it for a sampling rate of 21.418-GSa/s. This results in a small

current step in the leading edge of the on-state pulse, which significantly reduces the

relaxation oscillations [84].
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Figure 2.11: Time domain trace of ideal and DSP generated drive current required for
nonlinear distortion pre-compensation at 10.709-Gb/s. IDSP generated
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clarity) and 21.418-GSa/s (offset by 200 mA for clarity) is shown.
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Figure 2.12: RF spectra of ideal and DSP generated drive current required for nonlin-
ear distortion pre-compensation at 10.709-Gb/s. IDSP generated using a
DAC with sampling rates of 42.836-GSa/s (offset by 10 dBm for clarity)
and 21.418-GSa/s (offset by 20 dBm for clarity) is shown.
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The resulting simulated eye diagrams obtained with a high-bandwidth receiver,

when the DML is driven by a standard RC NRZ signal without pre-compensation,

and ideal, 42.836-GSa/s and 21.418-GSa/s DSP generated pre-compensation drive

currents are shown in Figure 2.13. As expected, the eye diagram at the output of

the DML, when the laser is driven by the standard RC NRZ signal without pre-

compensation exhibits relaxation oscillations. These oscillations are fully eliminated

when the laser is driven by the ideal pre-compensation current that generates an

optical power with an offset RC pulse (roll-off factor of 1.0). The eye diagram quality

when a 42.836-GSa/s DAC is used for pre-compensation is comparable to the ideal

case, while the use of a 21.418-GSa/s DAC results in slight timing jitter and amplitude

variation as shown in Figure 2.13 (d). In simulation, the minimum DAC resolution

required without significantly affecting the accuracy of the back-calculation was found

to be 6-bits. Increasing the resolution beyond 6-bits does not necessarily improve the

accuracy of the back-calculation procedure.

The back-calculation procedure presented assumes the DML is operated at a con-

stant controlled temperature. The DC offset D in equation (2.16) can be re-assigned a

new value if the laser is operated at a different temperature or if the threshold current

changes over the lifetime of the device. However, a detailed sensitivity analysis is re-

quired to identify the laser parameters which most strongly affect the back-calculation

result.
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Figure 2.13: Eye diagram (obtained using a high-bandwidth receiver and plotted on
different amplitude scales for clarity) at 10.709-Gb/s when the laser is
driven by (a) standard RC NRZ without pre-compensation. Nonlinear
distortion pre-compensation currents: (b) Ideal (c) DSP generated using
a 42.836-GSa/s DAC. (d) DSP generated using a 21.418-GSa/s DAC.
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The quality of the optical signal at the output of the DML can be readily demon-

strated by means of an electrical eye diagram obtained using a high bandwidth receiver

as shown in Figure 2.13 and its associated eye opening factor (EOF) [85]. The EOF is

the ratio of the height of the eye opening within one standard deviation of the mean

optical powers and can be expressed as:

Eye Opening Factor =
(µ1 − σ1)− (µ0 + σ0)

µ1 − µ0

(2.17)

where µ1 and µ0 denote the mean power level for the one and zero bits, respectively.

Similarly, the symbols σ1 and σ0 refer to the standard deviation of the power level

corresponding to the one and zero bit, respectively [85]. The eye opening factor

with the ideal pre-compensation current is 1, indicating the absence of intersymbol-

interference as expected with the raise-cosine family of pulses. The eye opening factor

plotted against the DAC sampling rate is shown in Fig. 2.14. Increasing the DAC

sampling rate increases the eye opening factor as it approaches a value of 1.
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Figure 2.14: Eye opening factor plotted against the DAC sampling rate for nonlinear
distortion pre-compensation.
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2.2.2 Experimental Verification

To experimentally verify the nonlinear distortion pre-compensation, the DML was

interfaced to an arbitrary waveform generator as illustrated in Figure 2.15. The

laser output was measured using a digital communication analyzer (DCA). For this

demonstration, the calculation of the DSP drive current was done using the off-line

processing steps in Figure 2.8 and a personal computer. The quantized samples for a

213 DBBS were stored in the memory block of the arbitrary waveform generator in an

application specific integrated circuit, from which they are read out and applied to the

6 bit, 21.418-GSa/s DAC. The DAC generates an analog RF signal which is amplified

and mapped to the modulation current of the DML. To generate the pre-compensated

signal in practice, a finite impulse response filter and nonlinear processing block would

be used. Alternatively, a LUT could be used to obtain pre-calculated sample values

corresponding to the specific sequence of bits in a block.

The target optical power profile Ptr(t) was defined as an RC (roll-off factor of

1.0) NRZ two-level binary signal or four-level amplitude shift keying (ASK) signal

at a bit rate of 10.709-Gb/s. The zero and one power levels of Ptr(t) were set to

correspond to a drive current of 1.18 Ith (25 mA) and 3.55 Ith (75 mA) respectively

for the two-level binary case. The equally spaced drive levels were set to 1.18 Ith (25

mA), 1.97 Ith (42 mA), 2.76 Ith (58 mA) and 3.55 Ith (75 mA) for the four-level ASK

case. The measured electrical eye diagrams for the DSP generated pre-compensation

drive signals for four-level and two-level modulation are shown in Figure 2.16 (a)

and (b), respectively. The short current pulsation required for suppressing the laser

relaxation oscillations are clearly visible on the zero rail of the drive voltage electrical

eye diagrams prior to the rising edge of the on-state pulse.
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Figure 2.15: Experimental set-up for suppressing the nonlinear distortion in a DML.
DAC: digital-to-analog converter; RF: radio-frequency; DML: directly
modulated laser; DCA: digital communication analyzer.

Figure 2.16: Measured electrical eye diagram for the pre-compensation drive current.
Timebase is 60 ps/div for (a) and 30 ps/div for (b).

The simulated and experimentally received electrical eye diagrams at the DML

output show strong agreement as illustrated in Figure 2.17 and Figure 2.18, respec-

tively. Without pre-compensation, the output optical power exhibits damped relax-

ation oscillations as a consequence of the laser nonlinear dynamics. On the other

hand, these relaxation oscillations are significantly reduced when the DML is driven

by the DSP generated pre-compensation waveforms. The effectiveness of the distor-

tion pre-compensation is greater for the 4-level ASK signal as the lower symbol rate

reduces the high frequency content of the drive current.
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Figure 2.17: Simulated eye diagrams for 10.709-Gb/s NRZ intensity modulated sig-
nals. (a) four-level without pre-compensation; (b) four-level with pre-
compensation; (c) two-level without pre-compensation; (d) two-level
with pre-compensation. Time span is 560 ps for (a) and (b) and 280
ps for (c) and (d).
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Figure 2.18: Measured eye diagrams for 10.709-Gb/s NRZ intensity modulated sig-
nals. (a) four-level without pre-compensation; (b) four-level with pre-
compensation; (c) two-level without pre-compensation; (d) two-level
with pre-compensation. Timebase is 60 ps/div for (a) and (b) and 30
ps/div for (c) and (d).
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2.3 Electronic Dispersion Pre-Compensation

In externally modulated systems, an optical signal that is pre-compensated for fiber

dispersion can be analytically calculated by inverting the fiber transfer function. Sub-

sequently, back-calculation through the modulator is readily achieved. DSP is then

used to generate the drive signals required to control the real and imaginary portions

of the electrical field [17]. In a DML, the phase of the optical field is dependent on

the amplitude. As a consequence the EDC approach used for externally modulated

systems does not apply, as the DML drive current controls both the phase and am-

plitude of the optical field simultaneously. In general an analytical solution does not

exist for the drive current needed for dispersion compensation and hence optimization

methods are required. In this section, the output optical power is optimized for EDC.

Subsequently, back-calculation through the DML rate equations is used to generate

the required drive current needed to synthesize the optimized power.

2.3.1 Theoretical Investigation of Dispersion Tolerance

The system set-up and optical link considered in this work are shown in Fig. 2.19.

The system employs an NRZ OOK modulation format. To practically generate the

modulating current, a sequence of DSP steps is performed followed by an ideal DAC

as outlined in Figure 2.8. The synthesized analog current is then applied to the DML.

The modulated optical signal generated at the output of the DML is transmitted over

a linear SMF with a dispersion parameter D = 16 ps/km/nm (nonlinearities are ne-

glected). The system is loaded with additive white Gaussian noise (AWGN) before the

receiver to facilitate calculating the required OSNR in 0.1 nm resolution bandwidth

for a specified BER. The receiver is composed of a 20 GHz second-order Gaussian
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optical band-pass filter (OBPF), followed by an ideal photodiode with square-law de-

tection and a 5 GHz fifth-order Bessel electrical low pass filter (ELPF). Unless stated

otherwise, simulations are carried out for a 10.709-Gb/s signal using a 211 DBBS. The

BER was calculated using an exhaustive approach assuming Gaussian noise statistics

and taking inter-symbol interference into account [70,86].

Figure 2.19: System simulation set-up for electronic pre-compensation using a DML.
RF: radio-frequency; DSP: digital signal processing; DAC: digital-to-
analog converter; DML: directly modulated laser; SMF: single-mode-
fiber; AWGN: additive white Gaussian noise; OBPF: optical band-pass
filter; ELPF: electrical low pass filter; BER: bit error rate.

To investigate a viable EDC solution, it is convenient to establish a bench mark

performance. The nonlinear distortion pre-compensation developed in the previous

section not only eliminates the optical power ringing, but also results in a reduction of

the dynamically induced chirp. Hence, the pre-compensated waveforms are expected

to be more resilient to dispersion. This can been seen from the reduced peak-to-peak

chirp and narrow optical spectrum depicted in Figures 2.20 and 2.21, respectively.
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Figure 2.20: Time domain trace of the frequency chirp at the out of the DML, when
the laser is driven by the standard RC NRZ signal and DSP generated
drive currents.
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Figure 2.21: Optical power spectra at the DML output, when the laser is driven by
the standard RC NRZ signal and DSP generated drive currents.

To fully exploit the reduced wavelength chirp of the nonlinear distortion pre-

compensated signals in transmission, the DML bias current and modulation depth
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were optimized for each target distance separately [87]. The current pulse shape was

fixed as a RC with a roll-off factor of 1.0, while the bias current and peak-to-peak

amplitude swing were modified by the optimization algorithm to minimize the BER

at the receiver. The optimization was performed using the pattern search method,

which unlike traditional optimization methods, does not use knowledge of the gradient

of the objective function [88]. A DBBS with 29 bits was used for optimization,

with the objective function set to log10(BER). The DML large signal rate equations

(2.1)-(2.3) were numerically solved for each perturbation of bias and modulation

amplitude required by the pattern search algorithm, rendering the optimization time

computationally expensive. For the purpose of optimization the BER was estimated

using the Karhunen-Loéve method, which accounts for the non-Gaussian nature of the

total noise at the receiver through a saddle point approximation technique [89]. Once

the optimum bias current and modulation depth were found, the required OSNR was

determined with OptiSystem through a more detailed simulation of the system shown

in Figure 2.19 using a DBBS with 211 bits and an exhaustive approach for calculating

the BER [70, 86]. The required OSNR for a BER = 10−3 when the DML is driven

by a standard RC NRZ signal without pre-compensation, and ideal, 42.836-GSa/s

and 21.418-GSa/s DSP generated drive currents is shown in Figure 2.22. As the

combination of the OBPF and ELPF at the receiver masks the significant overshoot

and power ringing shown in Figure 2.13(a), the standard RC NRZ signal without

pre-compensation outperforms the pre-compensated cases at back-to-back and for

the initial few kilometers, after which it becomes ineffective requiring an OSNR >

25 dB for 50 km. The pre-compensated signals experience an initial increase in the

required OSNR for the first few tens of kilometers, however, between 75 km and 200
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km the required OSNR is less than 18 dB. The initial increase in the required OSNR

followed by the presence of a transmission window where the DML chirp acts favorably

upon propagation has been previously demonstrated experimentally for different bias

currents and modulation depths [87]. The optimum extinction ratio for the target

distances of 100 km, 150 km, 200 km and 225 km was found to be 6.8 dB, 8.0 dB,

8.6 dB, 9.6 dB respectively. The 42.836-GSa/s pre-compensation signal matches the

performance of the ideal case for all transmission distances. The received electrical

eye diagrams when the DML is driven with the 42.836-GSa/s DSP generated drive

current at 100 km, 150 km, 200 km and 225 km are shown in Figure 2.23. The

received eye diagram shows a small eye opening even after 200 km, which illustrates

in principle, that high dispersion tolerance can be obtained with a DML.
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Figure 2.22: Required OSNR at BER = 10−3 for the nonlinear distortion pre-
compensated signals at 10.709-Gb/s with bias current and modula-
tion depth optimization. Results for the drive signal without pre-
compensation is also shown.
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Figure 2.23: Received electrical eye diagram (plotted on different amplitude scales
for clarity) for the nonlinear distortion pre-compensated signals using
a 42.836-GSa/s DAC at 10.709-Gb/s with bias current and modulation
depth optimization for: (a) 100 km, (b) 150 km, (c) 200 km, (d) 225 km.
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2.3.2 Theoretical Investigation of EDC

In general, the performance of the nonlinear distortion pre-compensation signals show

a relatively high required OSNR when using a 21.418-GSa/s DAC to synthesize the

drive current. As no analytical solution exists for an optimum drive current needed

to obtain a low BER at the receiver, optimization methods are required. A possible

solution requires shaping the drive current through a nonlinear processing unit. The

control variables of this nonlinear processor can be optimized for a minimum BER

at a specified transmission distance. In this work, we develop a novel optimization

scheme for EDC using a DML operating at 10.709-Gb/s. A LUT for the optical

power is utilized as a nonlinear processing unit, followed by reversal of the large

signal rate equations to obtain the pre-compensated drive current. Subsequently, a

single LUT which accommodates the nonlinear mapping between the drive current

and the desired output optical power is initialized.

Figure 2.24: Schematic of electronic dispersion pre-compensating DML transmitter.
ASIC: application specific integrated circuit; LUT: look-up-table; DSP:
digital signal processing; DAC: digital-to-analog converter; RF: radio-
frequency; DML: directly modulated laser.

A schematic of the pre-compensating transmitter is shown in Figure 2.24. The

input data bit stream is mapped to digital samples of the pre-compensating signal,
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with 2 samples per bit, using a LUT as part of a DSP block. The LUT entries are

pre-calculated using offline processing for a specific target distance. The generated

digital samples are sent to a 21.418-GSa/s DAC with 6-bit resolution. The analog

output of the DAC is then amplified and applied to the DML. The task of calculating

the entries of the LUT in Figure 2.24, must include the effects of:

• the DML adiabatic and transient chirp on pulse propagation,

• the nonlinear mapping between the input current and the output optical power, and

• the limited bandwidth of the DML packaged for 2.5-Gb/s operation.

To overcome these challenges with only one control variable (i.e., the drive current),

the problem of EDC using a DML is delegated into the following three subtasks:

• Find the near optimum power Ptr(t) at the output of the DML which results in a low

BER at the receiver after propagation and direct detection.

• Determine the appropriate drive current I(t) needed to generate the required Ptr(t)

while mitigating the nonlinear response of the DML, and

• Factor in the DML package response when calculating I(t) .

At this stage it is important to note that there are two distinct types of LUTs

used in this study. The first is a hypothetical LUT containing the optical power

samples used for optimization purposes only as in subtask one, and is referred to as

the power LUT. The second is a larger LUT which contains current samples and is

the outcome of the entire offline processing, including subtasks two and three. This

LUT is amenable to practical implementation through the DSP block depicted in

Figure 2.24 and is referred to as the current LUT.
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Mitigating Dispersion

As there is no closed-form expression of the required optical power at the output of the

DML for dispersion pre-compensation, optimization methods are needed. Initially,

we start with the expression of the optical field at the output of the DML [90]:

E(t)=
√
P (t) exp

(
j
βc
2

[
2Γε

V η0hv

∫ t

−∞
P (t′)dt′ + log [P (t)]

])
(2.18)

It is clear from equation (2.18), that the optical field is a complex nonlinear func-

tion of the output power. The interaction of the optical field with fiber dispersion

causes intersymbol-interference resulting from the impact of bits before and after

the detected bit. As a consequence, a LUT for the output power is an appropriate

choice for a nonlinear processing unit. The LUT approach has been previously used

in compensating dispersion and self-phase modulation in externally modulated sys-

tems [91, 92]. In general, a LUT with 2m entries and n samples per entry can be

defined for the optical power. An example of power LUT entries for m = 3 and n

= 2 is illustrated in Figure 2.25. The input bit sequence is stored in a 3-bit sliding

shift register, which is used to address the LUT, generating 2 samples per bit. The

information bearing power signal is a result of the interpolation of the power samples,

emulating the output of an ideal 21.418-GSa/s DAC.

The LUT entries were initialized using a 2m DBBS with a RC NRZ optical power

profile. The schematic illustrating the process of establishing and optimizing the LUT

is shown in Figure 2.26. The optimization is aimed at finding the power profile and its

associated chirp at the output of the DML, which results in a minimum log10(BER)

for a specific fiber length, while treating the optical phase at the receiver under di-

rect detection as a degree of freedom. The optical field is subsequently propagated

down an SMF link with a dispersion parameter D = 16 ps/km/nm (nonlinearities
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Figure 2.25: Example of LUT entries with m = 3 and n = 2.

are neglected). The system is loaded with AWGN before the receiver, which is com-

posed of a 20 GHz second-order Gaussian OBPF, followed by an ideal photodiode

with square-law detection and a 5 GHz fifth-order Bessel ELPF. Finally the BER is

estimated using the Karhunen-Loéve method [89]. The LUT entries (optical power

samples) are directly optimized using MATLABs nonlinear constrained multi-variable

minimization function fmincon. The optimization method numerically computes the

Hessian matrix as detailed in [93]. It is worth noting that the obtained minimum is

not necessarily a global one.

The advantages of using an optical power LUT as opposed to optimizing a current

LUT directly are two-fold. Firstly, the optical field at the output of the DML is readily

available using equation (2.18), rather than solving the DML rate equations, which is

computationally intensive, as the optimization method would need to re-evaluate the

output optical field for every perturbation of the parameter space. Secondly, excluding

the DML rate equations relaxes the requirements on the optimization method as it

does not need to compensate for the nonlinear distortions at the output of the DML.
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Figure 2.26: Scheme for establishing and optimizing the power look-up table. LUT:
look-up-table; SMF: single mode fiber; AWGN: additive white Gaussian
noise; OBPF: optical band-pass filter; ELPF: electrical low pass filter;
BER: bit error ratio.

Laser Nonlinear Response

In the case of externally modulated systems, the nonlinear response of the LiNbO3

MZM can be compensated to a certain extent through an inverse cosine transfer

function. However, for DMLs the nonlinear mapping between the drive current and

the optical power is described by large signal rate equations. Using equation (2.16)

it is possible to linearize the DML response for the purpose of finding the required

drive current for EDC. Once the optimum optical power LUT is found, a longer

DBBS sequence (to accommodate the DML nonlinear memory) is used to address

the power LUT and generate the target power sample values. After up-sampling the

back-calculation procedure is used to obtain the required input current.
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Laser Package

For metro-area optical links, it is of interest to achieve 10.709-Gb/s transmission using

low cost 2.5-Gb/s DML transmitters, while fulfilling the requirements for extended

reach [94]. The rate equations (2.1)-(2.3) assume all of the injection current reaches

the laser diode active region. However, in practice electrical coupling parasitics results

in a frequency dependent loss. Typically the laser diode package effect includes the

contact resistance, substrate resistance, shunt capacitance, bond-wire inductance and

the standoff shunt capacitance to ground [95]. These effects are eventually manifested

as a low-pass filter. The simplest method of addressing the laser package effect is to

characterize it through two attenuation coefficients, one for the bias DC current, while

the other for the AC component of the drive current. In this work, the small signal IM

frequency response of the DML is used to extract and alleviate the effect of the laser

package. The rate equations parameters are extracted through subtracting (in dB) the

measured IM responses just above threshold and well above threshold and employing

a curve fitting procedure [71,72]. Since the subtracted IM response depends solely on

the intrinsic response of the DML, the effect of the package response can be isolated.

Once the DML rate equation parameters are determined the frequency response of the

laser package can be extracted and compensated for when calculating the required

drive current obtained for the purpose of EDC. Assuming the package frequency

transfer function is given by Hpk(f), the pre-compensation current including the

package effect becomes Ibc−pk(t):

Ibc−pk(t) = F−1
{
F
{
Ibc(t)

}
×
(

1

Hpk(f)

)}
(2.19)

where the symbols F and F−1 denote forward and inverse (backward) Fourier trans-

forms operations, respectively.
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Offline Processing

To practically generate the pre-compensating drive signal for the DML, equation

(2.16) must be implementable in real-time. As this is difficult to attain with analog

or digital circuits, we define a single current LUT for EDC. The contents of this

current LUT are determined through offline processing as shown in Figure 2.27. The

optimization procedure illustrated in Figure 2.26 was performed for an m-bit power

LUT with n samples per entry. A longer 2k DBBS is used to address this m-bit

optical power LUT. The power samples Ptr(Ti), where Ti is the sampling time, are

interpolated at a higher sampling rate, to increase the numerical bandwidth, followed

by the back-calculation procedure to determine the required input current. The effect

of the DML package is reduced through multiplying the spectrum of the current with

the inverse transfer function of the package as described by equation (2.19). The

resulting drive current is then band-limited to B GHz, sampled at 2B GSa/s and

quantized to K levels. Finally a k-bit sliding shift register is used to address and

initialize a k-bit current LUT. The need to increase the size of the current LUT

in comparison to the optical power LUT is due to the pattern dependent nonlinear

memory resulting from inverting the DML large signal response.

The choice of power LUT depth m is dependent on the number of bits overlapping

due to dispersion induced intersymbol-interference. For EDC using a DML, typical

values are m = 3 and m = 5. The number of samples per bit is always kept constant

at n = 2 throughout this work. The larger the LUT size the harder the optimization

problem becomes as fmincon would need to operate over a 2m × n parameter space.

The size of the current LUT is dependent on the size of the DML nonlinear memory.
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Figure 2.27: Scheme for establishing a k-bit current LUT from an m-bit power LUT.

This can be estimated through targeting an offset RC power profile (roll-off factor 1.0)

with a 2k DBBS. The back-calculated current is then sampled at n = 2 samples per

bit. The sampled values are subsequently used to initialize a k-bit current LUT using

a k-bit shift register. Finally, the resulting k-bit current LUT is used with a longer

22k DBBS to generate a DSP drive current for nonlinear distortion pre-compensation.

The effect of the current LUT size k on the eye opening factor given by equation (2.17)

is shown in Figure 2.28. The power LUT optimization not only modifies the pulse

shape for EDC, but also changes the extinction ratio and the bias point of the DFB

laser. Most of the optimized power profiles for EDC were biased well above threshold.

Hence, it is safe to assume that the nonlinear memory needed for nonlinear distortion

pre-compensation close to threshold is sufficient for all other applications. Observing

Figure 2.28, an 11-bit current LUT produces an eye opening factor and electrical
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eye diagram similar to using an ideal 21.418-GSa/s DAC with an infinite size LUT

as illustrated in Figure 2.13 and Figure 2.17. It is also worth noting that an 11-bit

LUT consumes reasonable hardware resources with a total memory requirement of 3

KBytes assuming a DAC with 6 bit resolution [96].
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Figure 2.28: Eye opening factor plotted against the current LUT size k for nonlinear
distortion pre-compensation. Inset: electrical eye diagram using a high
bandwidth when the current LUT size is 3-bit and 11-bit.

2.3.3 Simulation Results

A training DBBS with 27 bits was used for optimization, with the objective function

set to log10(BER). For the purpose of optimization the BER was estimated using

the Karhunen-Loéve method [89]. The LUT size was set to n = 2 samples per entry

and m = 3. For longer transmission distances (beyond 250 km), and hence harder

optimization problem, the training sequence length was increased to 28 bits and the

table size to m = 5. In this theoretical simulation, the laser package response was
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not included and an infinite current LUT size was assumed. In effect, the optimized

power LUT produces power samples which are interpolated to generate a target power

profile Ptr(t). The exact drive current needed to generate Ptr(t) is obtained using

equation (2.16) for the entire bit pattern. The optimization was preformed for target

distances of 50 km, 100 km, 150 km, 200 km, 250 km, 300 km and 350 km. An

example of the progression of log10(BER) as a function of fmincon iterations is shown

in Figure 2.29 for a target distance of 200 km at an OSNR of 11 dB. The received

electrical eye diagram shown in the inset of Figure 2.29 at the start of the optimization

is completely closed with a log10(BER) of -2.1. After 35 iterations of fmincon, the

log10(BER) stabilizes around -4.2 with a remarkable eye opening.
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Figure 2.29: Evolution of log10(BER) as the fmincon number of iterations. Inset:
Received electrical eye diagram at the start and end of the optimization
procedure for a target distance of 200 km at an OSNR of 11 dB.
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The required OSNR was determined with OptiSystem through a detailed simula-

tion of the system shown in Figure 2.19 using a DBBS with 211 bits and an exhaustive

approach for calculating the BER [70,86]. The required OSNR at BER = 10−3 when

the DML is driven by the optimized ideal EDC drive current, 42.836-GSa/s and

21.418-GSa/s DSP generated EDC drive currents is shown in Figure 2.30, along with

the performance of the ideal nonlinear distortion pre-compensated signal. The 42.836-

GSa/s pre-compensation signal matches the performance of the ideal case throughout

the transmission distances with a required OSNR as low as 8 dB for 200 km. It is

possible to compensate up to 250 km using a 21.418-GSa/s DAC, and up to 350 km

using a 42.836-GSa/s DAC at a required OSNR of 16 dB for a BER = 10−3. The

utilization of the power LUT and back-calculation offers a 4.2 dB improvement in the

required OSNR over the ideal nonlinear distortion pre-compensation case.
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Figure 2.30: Required OSNR at BER = 10−3 for the electronic dispersion pre-
compensated signals at 10.709-Gb/s using the LUT method. The per-
formance of the ideal nonlinear distortion pre-compensated signal from
Figure 2.22 is shown for comparison.



CHAPTER 2. DIRECTLY MODULATED LASER 70

As the optimization method for the power LUT does not take the DAC resolution

and sampling rate into account, the realization of the optimized power profile using

a 21.418-GSa/s DAC yields lower performance than the 21.418-GSa/s nonlinear dis-

tortion pre-compensation case at the distance of 50 km (Figure 2.22). The received

electrical eye diagrams when the DML is driven with the 42.836-GSa/s generated

EDC drive current at the target distances of 50 km, 100 km, 150 km, 200 km, 250

km, 300 km and 350 km are shown in Figure 2.31. An appreciable eye-opening is

seen at 350 km using a 42.836-GSa/s DAC. However, using a lower cost 21.418-GSa/s

DAC, EDC is limited to 250 km with a required OSNR < 16 dB. For distances be-

yond 350 km, the optimization method decreases the drive current extinction ratio

resulting in an unreasonably high OSNR.

To illustrate the effectiveness of pulse shaping for enhancing the dispersion toler-

ance of the DML a bit sequence of 0110101101 was transmitted using a standard NRZ

RC drive current, 42.836-GSa/s and 21.418-GSa/s DSP generated EDC drive currents

as shown in Figure 2.32. The standard drive current in Figure 2.32(a), produces re-

laxations oscillations in both power and chirp profiles as shown in Figure 2.32(b).

After 200 km propagation, severe intersymbol-interference causes the distortion in

the received bit sequence. Using the 42.836-GSa/s and 21.418-GSa/s drive currents

in Figure 2.32(d) and (g) respectively, produces a unique combination of output power

and chirp as shown in Figure 2.32(e) and (h). After 200 km propagation, the bit se-

quence 0110101101 is clearly discernable as illustrated in Figure 2.32(f) and (i) owing

to the powerful capabilities of the proposed EDC technique.
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Figure 2.31: Received electrical eye diagram (plotted on different amplitude scales for clarity) for the electronic
dispersion pre-compensated signals at 10.709-Gb/s using a 42.836-GSa/s DAC with LUT optimization
for: (a) 50 km, (b) 100 km, (c) 150 km, (d) 200 km, (e) 250 km, (f) 300 km and (g) 350 km.
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Figure 2.32: Transmission of 0110101101 bit sequence over 200 km of SMF: (a) standard NRZ drive current, (b)
output optical power and chirp with no EDC, (c) received electrical current with no EDC, (d) 42.836-
GSa/s EDC drive current, (e) output optical power and chirp with 42.836-GSa/s EDC, (f) received
electrical current with 42.836-GSa/s EDC, (g) 21.418-GSa/s EDC drive current, (h) output optical
power and chirp with 21.418-GSa/s EDC, (i) received electrical current with 21.418-GSa/s EDC.
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The optical power spectra at the output of the DML, when the laser is driven

by optimized and DSP generated EDC currents for a target distance of 200 km are

shown in Figure 2.33. The spectrum of the 42.836-GSa/s generated signal closely

matches the ideal case. Although the spectrum of the 42.836-GSa/s signal appears to

be broader than the 21.418-GSa/s case, it is more resilient to dispersion as the extra

spectral content contributes effectively to the EDC process.
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Figure 2.33: Optical power spectra at the output of the DML, when the laser is driven
by the optimized and DSP generated EDC currents for 200 km.

2.3.4 Experimental Verification

The previous simulation results indicate that 250 km transmission is possible using a

low cost DML and a 21.418-GSa/s DAC. To verify this, a proof of concept experiment

was conducted with the set-up shown in Figure 2.34. An integrated circuit was used

that includes a memory block and a 21.418-GSa/s DAC with 6 bit resolution allowing

arbitrary waveform generation. The experiment was performed using a 214 DBBS.
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There was no feedback from the receiver to the transmitter for further optimization

of the LUT values or offset filtering at the receiver to mitigate the combined effect

of laser chirp and fiber dispersion [94]. The per-span launch power was 4 dBm. A

broadband source (BBS) with a variable optical attenuator (VOA) was used to load

AWGN and facilitate measuring the dependence of the BER on the OSNR (0.1 nm

noise bandwidth). The receiver was composed of a pre-amplifier, direct detection

photodiode, low pass filter, RF amplifier and clock-recovery (CR) module. The BER

was measured using direct error counting.

Figure 2.34: Experimental setup. DAC: digital-to-analog converter; DML: directly
modulated laser; EDFA: erbium doped fiber amplifier; OBPF: optical
band-pass filter; BBS: broadband source; VOA: variable optical attenu-
ator; OSA: optical spectrum analyzer; CR: clock recovery; ELPF: elec-
trical low-pass filter.
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The current LUT resulting from the offline processing was used to generate pre-

distorted digital samples, which were stored in the arbitrary waveform generation

memory. To assess the limitation due to the 11-bit current LUT, the output of

equation (2.16) was calculated for the entire 214 DBBS and stored in memory, in

effect, mimicking an infinite size current LUT. The optimization procedure and offline

processing depicted in Figure 2.27 was performed for target distances of 152 km, 202

km and 252 km using 3-bit, 3-bit and 5-bit optical power LUTs, respectively. The

size of the current LUT was set to 11-bits. The low cost 2.5-Gb/s DML characterized

in this chapter was used as the target device with the rate equation parameters

summarized in Table 2.1. Although the DML can be operated at 10.709-Gb/s using

a standard NRZ drive current, the IM frequency response of the DML was used to

extract and alleviate the effect of the laser package and further improve the accuracy

of the proposed EDC technique. Since the subtracted IM response depends solely on

the intrinsic response of the DML, the effect of the package response can be isolated.

The package response was extracted through subtracting the measured IM re-

sponse from the simulated IM response. In theory, the extracted package response

should be independent of the laser bias point. However, in practice each laser bias

point would produce a slightly different package response. Thus, an average package

response was calculated through sweeping the bias current between 1.18 Ith (25 mA)

and 3.55 Ith (75 mA). The measured and simulated IM responses for two bias points

are shown in Figure 2.35, with the back-to-back received electrical eye diagram un-

der standard NRZ modulation as an inset. The extracted DML package response is

shown in Figure 2.36. Due to difficultly in measuring the phase response of the laser

package, it was assumed to be zero over the pass-band of the magnitude response.
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Figure 2.35: Measured and simulated (dashed lines) IM response at 1.18 Ith (25 mA)
and 3.55 Ith (75 mA). (inset back-to-back eye diagram under standard
NRZ modulation, Timebase = 30 ps/div).

2 4 6 8 10 12

−10

−8

−6

−4

−2

0

Modulation Frequency (GHz)

P
a
c
k
a
g
e
 M

a
g
n
it
u
d
e
 R

e
s
p
o
n
s
e
 (

d
B

)

Figure 2.36: Extracted average package response used in the offline processing de-
picted in Figure 2.27.
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The dispersion limit of a DML operating at 10.709-Gb/s is below 20 km. For such

short distances the received optical power (ROP) is a useful means of quantifying

performance. The DML was modulated using a standard RC NRZ drive signal with a

current swing between 1.18 Ith (25 mA) and 3.55 Ith (75 mA). The ROP was measured

at back-to-back and after 10 km of SMF as shown in Figure 2.37, with the received

electrical eye diagram after 10 km shown as an inset. The DML frequency chirp

causes severe intersymbol-interference with a 2.8 dB and 2.6 dB penalty in the ROP

at a BER = 1.0× 10−3 and BER = 3.8× 10−3, respectively.

Figure 2.37: The dependence of measured BER on the ROP at back-to-back and
after 10 km transmission. (inset electrical eye diagram after 10 km with
standard NRZ modulation, Timebase = 30 ps/div).

The measured output optical power spectra when the DML is driven by a standard

RC NRZ current and the generated EDC currents for 152 km, 202 km and 252 km

are shown in Figure 2.38. The EDC spectra are quite similar, with a substantially

lower spectral width compared to the standard NRZ drive signal. This reflects the
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smaller chirp swing resulting from EDC as shown in Figure 2.32 (b) and (h) for the

200 km case. For all EDC currents, the optical signal can be placed in a 25 GHz

channel WDM system, with a -20 dB bandwidth of 14 GHz. The dependence of the

measured BER on the OSNR (0.1 nm noise bandwidth) for back-to-back, 152 km, 202

km and 252 km transmission with the infinite size and 11-bit current LUT is shown in

Figure 2.39. The FEC coding limits of BER = 3.8× 10−3 and BER = 1.0× 10−3 are

indicated. For comparison, the back-to-back performance was evaluated by driving

the laser with an RC NRZ pulse train exhibiting a roll-off factor of 1.0 and a current

swing between 1.18 Ith (25 mA) and 3.55 Ith (75 mA). The BER before FEC decoding

at full OSNR and the required OSNR for a BER of 3.8× 10−3 and 1.0× 10−3 for the

transmission distances of 152 km, 202 km and 252 km with an infinite size and 11-bit

current LUT are reported in Table 2.2. The required OSNR penalty relative to the

back-to-back performance at the two BER limits is summarized in Table 2.3.
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Figure 2.38: Measured optical power spectra at the output of the DML, when the
laser is driven by the standard NRZ drive and optimized EDC currents.
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Figure 2.39: The dependence of the measured BER on the OSNR (0.1 nm noise band-
width) for the back-to-back case, 152 km, 202 km and 252 km transmis-
sion with an infinite-size and 11-bit current LUT. An infinite-size LUT
performs the back-calculation on the entire bit sequence. (FEC limits
at BER = 1.0× 103 and BER = 3.8× 103 are shown).
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Table 2.2: Measured performance of EDC for 10.709-Gb/s using a 2.5-Gb/s DML. Required OSNR for BER =
1.0× 10−3 and BER = 3.8× 10−3 at back-to-back is 17.3 dB and 14.9 dB respectively.

BER at Full OSNR OSNR at BER = 1.0× 10−3 OSNR at BER = 3.8× 10−3

Distance ∞-LUT 11-bit LUT ∞-LUT 11-bit LUT ∞-LUT 11-bit LUT

152 km 3.3 ×10−7 7.1 ×10−6 21.1 dB 22.3 dB 18.7 dB 19.9 dB

202 km 2.4 ×10−6 4.8 ×10−5 20.2 dB 22.0 dB 17.3 dB 18.6 dB

252 km 1.8 ×10−3 2.4 ×10−3 – – 24.0 dB 25.3 dB

Table 2.3: Measured performance of EDC for 10.709-Gb/s using a 2.5-Gb/s DML. OSNR penalty (dB) relative to
back-to-back performance at BER = 1.0× 10−3 and BER = 3.8× 10−3.

BER = 1.0× 10−3 BER = 3.8× 10−3

Distance ∞-LUT 11-bit LUT ∞-LUT 11-bit LUT

152 km 3.8 dB 5.0 dB 3.8 dB 5.0 dB

202 km 2.9 dB 4.7 dB 2.4 dB 3.7 dB

252 km – – 9.1 dB 10.4 dB
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The results indicate that using a single 11-bit current LUT, EDC with a DML at

10.709-Gb/s can reach a transmission distance of 202 km with a required OSNR of

18.6 dB at BER = 3.8×10−3. This is a remarkable improvement given the dispersion

limit of this particular DML is below 20 km. Implementing the back-calculation as an

11-bit LUT results in a 1.3 dB OSNR penalty at the FEC limit of BER = 3.8× 10−3.

A distance of 252 km can be reached with a required OSNR of 25.3 dB using an 11-bit

LUT at BER = 3.8× 10−3.

The simulated and measured eye diagrams of the transmitted and received signal

for the target distances of 152 km, 202 km and 252 km with equation (2.16) calculated

for the entire 214 DBBS and stored in the arbitrary waveform generator memory

(infinite size current LUT) are shown in Figures 2.40, 2.41 and 2.42, respectively.

The simulated eye diagrams were obtained using OptiSystem and MATLAB, while

utilizing the measured frequency response of the DML package, the 0.25 nm OBPF,

the 0.55 nm OBPF and the ELPF at the receiver. Both simulated and measured eye

diagrams exhibit significant similarity and indicate a remarkable eye opening after

202 km. Experimentally, an OSNR penalty of 2.4 dB with respect to back-to-back

performance was induced after transmission over 202 km. The eye diagram at the

output of the DML for EDC at 252 km is substantially more complex that the 152

km and 202 km cases as shown in Figures 2.42 (a) and (b). This is a consequence of

the larger power LUT size (5-bit) as opposed to the smaller power LUT size (3-bit)

used for EDC at 152 km and 202 km. Although experiments showed the promise

of applying this EDC method for compensating the dispersion of 252 km of SMF,

simulations showed that distances up to 350 km, can be compensated using a DAC

with higher sampling rate.
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Figure 2.40: Electrical eye diagrams for EDC at a target distance of 152 km: (a)
simulation (b) measurement of the pre-compensated signal at the output
of the DML. (c) simulation (d) measurement of the received signal after
fiber link. (Time span 300 ps).
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Figure 2.41: Electrical eye diagrams for EDC at a target distance of 202 km: (a)
simulation (b) measurement of the pre-compensated signal at the output
of the DML. (c) simulation (d) measurement of the received signal after
fiber link. (Time span 300 ps).
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Figure 2.42: Electrical eye diagrams for EDC at a target distance of 252 km: (a)
simulation (b) measurement of the pre-compensated signal at the output
of the DML. (c) simulation (d) measurement of the received signal after
fiber link. (Time span 300 ps).
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2.4 Summary

In this chapter, we investigated electronic pre-compensation for a 10.709-Gb/s system

employing a 2.5-Gb/s DML. Initially, the nonlinear distortion resulting from the direct

modulation of the laser was mitigated by pre-compensation based on reversal of the

large signal rate equations and the use of digital signal processing to generate an

appropriate modulating current. This concept was then utilized in a novel LUT

optimization scheme for EDC. Simulation results showed pre-compensation of up

to 350 km of single mode fiber at a required OSNR < 16 dB for a BER of 10−3.

Theoretical predications showed that a 42.836-GSa/s DAC is sufficient in exploiting

the full potential for electronic pre-compensation using a DML.

Experimentally the novel EDC technique was demonstrated for enhancing the per-

formance of low cost 2.5-Gb/s DMLs operated at 10.709-Gb/s. A single current LUT

was designed to mitigate the effects of fiber dispersion, the DML nonlinear response,

and the laser package. A tenfold increase in the dispersion limited transmission dis-

tance has been demonstrated using a single 11-bit LUT for the drive current and a

21.418-GSa/s 6-bit DAC. Experimental results showed that an 11-bit LUT can com-

pensate the dispersion of 202 km of standard single mode fiber with a required OSNR

of 18.6 dB at a BER of 3.8× 10−3.



Chapter 3

Chirp Managed Laser

In metro networks with transmission distances up to 600 km there is considerable

interest in 10-Gb/s systems without bulky and expensive optical dispersion compen-

sation modules. The chirp managed laser (CML) is the first directly modulated laser

to offer phase correlation between bits at 10.709-Gb/s, while providing dispersion

tolerant transmission with a reach of 200 km. It utilizes a DML biased at about 5

times the threshold current in tandem with an optical spectrum reshaper (OSR) [97].

To extend the reach of CMLs beyond 200 km without in line DCF, dispersion can be

compensated electronically at the transmitter or receiver. Although electronic dis-

persion compensation at the receiver can mitigate dispersion without pre-coding or

prior knowledge of the fiber length or characteristics, it is limited to a reach of about

300 km with a CML due to the loss of phase information with direct detection [39].

To overcome this drawback, electronic dispersion pre-compensation can be performed

at the transmitter. In this chapter, EDC is utilized to extend the transmission reach

of a commercially available CML from 200 km to beyond 600 km of SMF [24].

86
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3.1 Principle of Operation

In a conventional DML, the laser is modulated with a large current swing, while

biased close to threshold hence achieving over 8 dB extinction ratio. This mode of

operation not only results in a large adiabatic chirp, but also enhances the transient

chirp, which in turn increases intersymbol-interference upon propagation of the signal

over an optical fiber. However, for a CML, the laser is biased at 5 times the threshold

with a small peak to peak current modulation. The resulting optical signal is incident

on the OSR. The CML constituting components are depicted in Figure 3.1. The DML

section of the device produces an optical signal with an adiabatic dominant optical

chirp and small extinction ratio (close to 2 dB) [16]. Under these conditions, the DML

operates with a large modulation bandwidth, a linear power-current relationship, high

output optical power and low jitter [43, 97].

DML

PD1

PD2

Multi-cavity periodic filter 

CMLOSR

Figure 3.1: Block diagram of a chirp managed laser. DML: Directly modulated laser;
PD: Photo diode. CML: Chirp managed laser.

The large adiabatic chirp is proportional to the output optical intensity with the

on-state (1 bit) exhibiting a frequency shift relative to the off-state (0 bit). If the

spectrum of DML output under these operating conditions was measured using an
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optical spectrum analyzer with sufficiently high resolution bandwidth, two distinct

peaks would appear with a relative frequency separation equal to the amount of

adiabatic chirp induced as shown in Figure 3.2. The DML wavelength is aligned to

the transmission edge of the OSR filter, which in turn is locked to the international

telecommunication union (ITU) grid. This alignment procedure relies on measuring

the optical power produced by the DML and back-reflected from the OSR using two

monitoring photodiodes PD1 and PD2 as depicted in Figure 3.1. The OSR filter

transfer function passes the blue shifted 1’s, while suppressing the red shifted 0’s and

thus enhancing the extinction ratio to 8-10 dB [97].

Frequency

50 GHz

0 1
Optical spectrum

Filter response

Figure 3.2: CML operating principle.

The dispersion tolerance of the CML is due to a phase-correlative modulation

between adjacent bits [16]. The modulation and bias currents are designed such that

the frequency modulation between the 0 bit and 1 bit is half the bit rate (5 GHz for

10-Gb/s) with an adiabatic dominant chirp. Consequently the phase shift between

two 1 bits separated by any odd number of 0 bits is:

∆φ101 = 2π × 5 GHz× 100 ps = π (3.1)
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This π phase shift is akin to duobinary modulation where the 1 bits would destruc-

tively interfere as they spread into adjacent 0 bits. However, unlike duobinary mod-

ulation no external modulation or pre-coding is required. The typical dispersion

tolerance of the CML is around 200 km of SMF at 10.709-Gb/s [98].

3.2 Modulation Characteristics

The modulation characteristics of the CML can be divided into the large signal dy-

namics of the DML and the frequency response of the OSR filter. The DML is well

characterized by the rate equations (2.1)-(2.3). The effect of the OSR filter can be

included into the expression of the electrical field at the output of the CML:

E(t) = F−1
{
F
{√

P (t) exp

(
j
βc
2

[
2Γε

V η0hv

∫ t

−∞
P (t′)dt′

+ log [P (t)]

])}
×Hosr(f)

}
(3.2)

where F denotes the Fourier transform, F−1 denotes the inverse Fourier transform

and Hosr(f) is the OSR frequency domain transfer function. The device used in the

theoretical and experimental aspects of this chapter is the commercially available

DM-200-01 offered by Finisar Corporation. The DM-200-01 is a butterfly packaged

10-Gb/s directly modulated CML as shown in Figure 3.3 [99]. The laser operating

wavelength was 1550 nm with the DML operating at a temperature of 40oC and

the OSR filter operating at a temperature of 50oC. To ensure stable locking of the

laser spectrum to the transmission edge of the OSR filter the ratio of the PD2 pho-

tocurrent to the PD1 photocurrent must be between 0.534 to 1.604 as provided by

the vendor [99]. The DML section of the DM-200-01 was manufactured by CyOptics
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with the same process used for the 2.5-Gb/s DML characterized in the previous chap-

ter. At a 40oC operating point, the DML rate equation parameters in Table 2.1 are

appropriate for modeling the CML. The laser electrical package response is expected

to be significantly better than the 2.5-Gb/s DML, allowing 10-Gb/s modulation.

Figure 3.3: The Finisar DM-200-01 chirp managed laser.

The CML was operated under CW condition with the DML temperature at 40oC

and OSR temperature at 50oC, while measuring the output optical power, PD1 pho-

tocurrent and PD2 photocurrent. The results were obtained for a bias current sweep

between 10 mA and 90 mA as shown in Figure 3.4. As expected the PD1 photocur-

rent represents the output of the DML and produces an L-I curve similar to Fig-

ure 2.5 while exhibiting the same threshold current of 21.1 mA. The points at which

PD2/PD1 photocurrent ratio is close to 1.3 indicate the optimum operating condi-

tion for locking the DML spectrum to the transmission edge of the OSR filter [99].

Although there are multiple bias currents that satisfy this condition, a nominal value
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of 80 mA was chosen to produce the best back-to-back performance. The CML bias

current was not increased beyond 90 mA to prevent damaging the device.
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Figure 3.4: Measured CML output optical power, PD1 photocurrent and PD2 pho-
tocurrent as a function of DML bias current (DML temperature 40oC,
OSR temperature 50oC).

The process of isolating the CML rate equation parameters using the small signal

response procedure described in the previous chapter is difficult, as the device is fully

packaged with the OSR filter and there is no direct access to optical field at the DML

output. However, the shape and 3-dB bandwidth ∆f3dB of the OSR filter described by

Hosr(f) can be found through operating the CML under CW condition, while varying

the bias current from 10 mA to 90 mA and measuring the output optical frequency

(wavelength) and power. Matching the bias current to the frequency spread around

193.35303 THz and using the output optical power shown in Figure 3.4, it is possible

to extract the OSR filter response as shown in Figure 3.5. The best fit for the OSR

filter response was found to be a third order Bessel filter with a 3-dB bandwidth of
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7.11 GHz. This particular filter shape and bandwidth is in agreement with the values

reported in [97].
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Figure 3.5: Extracted OSR filter response and the third order Bessel function fit with
∆f3dB = 7.11 GHz (DML temperature 40oC, OSR temperature 50oC).

The measured IM response at a bias current close to threshold Ibias = 1.18 Ith (25

mA) and a bias current well above threshold Ibias = 4.2 Ith (90 mA) was obtained

using the HP8703A LCA and shown in Figure 3.6. Although the effect of the OSR

filter is included in the IM responses, we can deduce from Figure 3.6 that the CML

package response and modulation bandwidth is adequate to accommodate a 10-Gb/s

bit rate. In case of the 2.5-Gb/s DML used in the previous chapter the laser package

response is clearly limited with a an abrupt attenuation around 7.2 GHz as seen

in Figure 2.2. For the DM-200-01 CML used in this chapter, the abrupt frequency

attenuation occurs around 11 GHz allowing for 10-Gb/s modulation.
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Figure 3.6: CML small-signal IM response for different bias current values (DML
temperature 40oC, OSR temperature 50oC).

3.3 Electronic Dispersion Pre-Compensation

In the case of the CML, as well as the DML, the description of the modulation

dynamics is complicated and the amplitude and phase of the transmitted optical

signal cannot be generated independently by a single drive current. One possible

solution is to perform digital pre-shaping through phase-shaped binary transmission.

A 1-bit DSP driver with a uni-polar boosting function has been shown to extend the

reach of a CML to 360 km [22]. An alternate solution involves shaping the drive

current through a nonlinear processing unit which is optimized for a minimum BER

at a specified transmission distance. In the previous chapter this technique has been

shown to extend the reach of a DML to 250 km (see [23] and references therein). In

this section, we apply this method to substantially extend the reach of the CML at

10.709-Gb/s to 608 km using a 6-bit 21.418-GSa/s DAC.
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3.3.1 Theoretical Investigation

Dispersion Tolerance

The most crucial part of the OSR spectral shaping is the effect of the filter slope on

the incoming DML optical spectrum. Although the OSR filter shape can be described

by the mathematical formula for the Bessel filter [100], a simple linear approximation

is adapted in this section. The Hosr can be expressed as:

Hosr(2πf) = a+ 2πb (f − f0) (3.3)

where b is the slope and a is the transmission coefficient at the central frequency f0.

The effect of the linear filter slope in the time domain is to add the time derivative of

the input signal to itself with a π/2 phase shift [16]. The electrical field at the output

of the CML denoted ECML(t) can be expressed in terms of the electrical field at the

output of the DML denoted EDML(t) as follows:

ECML(t) = aEDML(t)− jb dEDML(t)

dt
(3.4)

It is convenient to express ECML(t) in terms of its amplitude and phase:

ECML(t) = ACML(t) exp [jφCML(t)] (3.5)

The relationship between the amplitude ADML(t) and phase φDML(t) of the electrical

field at the DML output can be found using equation (2.18). In particular, φDML(t)

can be expressed solely in terms of ADML(t). If the DML is biased at 5 times the

threshold current, the transient contribution of the chirp in equation (2.18) can be

neglected. The CML output optical amplitude and chip ∆vCML(t) can be expressed

only in terms of ADML(t) using equations (3.4), (3.5) and (2.18) as follows:

ACML(t) = aADML(t) +
bβcΓε

V η0hv
A3
DML(t) + b [1 + βc]

dADML

dt
(3.6)
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∆vCML(t) =
βcΓε

V η0hv
A2
DML(t)

+
d

dt
tan−1

{ [
−b dADML(t)

dt

]/[
ADML(t)

(
a+

bβcΓε

V η0hv
A2
DML(t)

)]}
(3.7)

The terms in equation (3.6) illustrate the OSR action on the amplitude of the output

optical signal. The results in Figure 3.7 show the constituting components of equation

(3.6), under 27 DBBS NRZ RC modulation with a roll-off factor of 1.0 and an OSR

linear slope of 2.2 dB/GHz. Term 1 is a scaled version of the DML output amplitude

exhibiting a low extinction ratio. Term 2 contains the DML amplitude raised to the

third power, hence allowing negative values and in turn lowering the zero level and

increasing the extinction ratio. The third adds a weighted time derivative of the DML

amplitude sharpening the rise and fall time of the CML output optical pulses. The

time domain trace of the ACML(t) is obtained through adding the constituting terms

of equation (3.6) is shown in Figure 3.8.
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Figure 3.7: CML output amplitude constituting components given by equation (3.6)
with a linear 2.2 dB/GHz OSR.
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Figure 3.8: CML output amplitude ACML(t) given by equation (3.6) with a linear 2.2
dB/GHz OSR.

The constituting terms of equation (3.7) are shown in Figure 3.9. Term 1 of equa-

tion (3.6) represents the typical adiabatic dominant chirp of the DML with around

5 GHz peak-to-peak swing allowing for a phase-correlative modulation between ad-

jacent bits as described in equation (3.1). Term 2 reveals the symmetrical addition

of blue shifted peaks at bit transitions, which scale with the OSR slope b [16]. This

results in a flat-top chirp across the pulse profile and abrupt changes in the chirp at

bit transitions as the rate of change of the DML amplitude given by the numerator

of Term 2 in equation (3.7) is nonzero.

To illustrate the dispersion tolerance of the CML transmitter, the specific bit

sequence 00100101010000111101 was transmitted over 200 km of SMF with a standard

NRZ drive current with an RC pulse shape with a roll-off factor of 1.0 (80 mA bias

and 20 mA peak-to-peak current swing). The OSR was a third order Bessel filter

with 7.11 GHz 3-dB bandwidth. The DML and CML output optical spectra are

shown in Figure 3.10 (a). The OSR suppresses the spectral content representing the
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Figure 3.9: CML output frequency chip constituting components given by equation
(3.7) with a linear 2.2 dB/GHz OSR.

zero bits as seen through the increased extinction ratio between Figures 3.10 (b) and

(c). The CML output exhibits flat-top chirp profile around intensity maxima with

sharp peak excursions at the intensity minima representing the isolated zero bit [98].

After transmission through 200 km of SMF the one bits destructively interfere in the

adjacent zero bit slots separating them, preserving the transmitted bit sequence as

shown in Figure 3.10 (d).

The previous analysis showed that the OSR filter shape plays a critical role in

the device performance and reach. For example, a slightly wider filter response can

only reach 80 km of SMF as with the Finisar DM-80-01 [75]. A novel CML using a

micro-ring resonator packaged with the DFB in a lightwave circuit can be optimized

for 300 km at 10.709-Gb/s through temperature tuning [101].
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Figure 3.10: CML dispersion tolerance for the bit sequence 00100101010000111101 with standard NRZ drive cur-
rent. (a) DML and CML output optical spectra, (b) DML output optical power and chirp before
OSR, (c) CML output optical power and chirp after OSR, (d) CML output optical power and chirp
after 200 km of SMF.
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EDC using a LUT

The power and frequency chirp at the output of a typical DML exhibit a strong

dependency on the pattern of the modulating current as seen in Figure 3.10 (b).

Consequently, any change in the drive current results in an equivalent change in

both output optical power and chirp. In the context of electronic dispersion pre-

compensation, finding the optimum drive current is a difficult task given this strong

correlation between the output optical power and chirp. In comparison, the amplitude

(power) and phase (chirp) of an external dual-parallel modulator does not suffer from

this strong correlation, allowing for full control over the complex optical field.

In the case of the CML, the presence of the OSR combined with the effect of fiber

dispersion reduces the correlation between the optical power and chirp considerably,

as seen in Figure 3.10 (d). As such the optimization function requires less effort in

finding the optimum LUT entries for electronic dispersion compensation.

The system simulation set-up and optical link considered in this work are shown

in Figure 3.11. The system employs an NRZ modulation format. The input data

bit stream is mapped to digital samples of the pre-compensating drive current, with

2 samples per bit, using a LUT as part of a DSP block. The LUT entries are pre-

calculated using offline processing. To determine the entries of this LUT, the effect

of the modulated power and chirp on pulse propagation and the nonlinear mapping

between the input current and the output power of the DML are considered.

The synthesized analog current at the output of an ideal 21.418-GSa/s, 6-bit DAC

is applied to the CML. The modulated optical signal is transmitted over a linear SMF

with a dispersion parameter D = 16 ps/km/nm (nonlinearities are neglected). The

system is loaded with AWGN before the receiver to facilitate calculating the required
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OSNR in 0.1 nm resolution bandwidth for a specified BER. The receiver is composed

of a 20 GHz second-order Gaussian OBPF, followed by an ideal photodiode with

square-law detection and a 5 GHz fifth-order Bessel ELPF.

Figure 3.11: System simulation set-up for electronic pre-compensation using a CML.
ASIC: application specific integrated circuit; LUT: look-up table; DSP:
digital signal processor; DAC: digital-to-analog converter; RF: radio-
frequency; CML: chirp managed laser; SMF: single mode fiber; AWGN:
additive white Gaussian noise; OBPF: optical band-pass filter; ELPF:
electrical low pass filter; BER: bit error rate.

With only one control variable (i.e., the drive current), the near optimum power

P (t) at the output of the DML which results in a low BER at the receiver is first

determined. Then the appropriate drive current I(t) is found that generates the

required P (t) and mitigates the nonlinear response of the laser. Since the chirp is a

function of the power, the transmitted optical signal is specified completely by P (t)

(see equation (3.2)). Two distinct LUTs are used, a hypothetical LUT containing

optical power samples used for optimization purposes only (power LUT) and another

containing current sample values used in Figure 3.11 (current LUT).
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The interaction of the optical field with fiber dispersion beyond 200 km causes

intersymbol-interference. As a consequence, a LUT for the output power is an ap-

propriate choice for a nonlinear processing unit [23, 91]. In general, a LUT with 2m

entries and n samples per entry can be defined for the optical power. The LUT en-

tries are initialized using a 210 DBBS with an RC (roll-off factor of 1.0) NRZ optical

power profile. The schematic illustrating the process of establishing and optimizing

the LUT is shown in Figure 3.12. The optimization is aimed at finding the power

profile and its associated chirp at the output of the DML section of the CML, which

results in a minimum log10(BER) for a specific fiber length, while using the optical

phase at the receiver under direct detection as a degree of freedom. The power sam-

ples at the output of the LUT are interpolated and substituted into (3.2) assuming

Hosr(f) is a Bessel filter with a 7.11 GHz 3-dB bandwidth [16]. The optical field is

subsequently propagated down a linear SMF with a dispersion parameter D = 16

ps/km/nm. A standard direct detection receiver (DD-Rx) is used with AWGN load-

ing before calculating the BER. The LUT entries (optical power samples) are directly

optimized using MATLAB’s nonlinear multi-variable minimization function fmincon.

The power samples were constrained to within a physically realizable range.

Figure 3.12: Scheme for establishing and optimizing the power look-up table. LUT:
look-up table; SMF: single mode fiber; DD-RX: direct detection receiver;
BER: bit error ratio.
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Once the optimum power waveform is determined the required drive current is

obtained by reversing the large signal rate equations. The required input current I(t)

can be expressed as a function of P (t) using equation (2.16). To facilitate real-time

generation of the desired drive current a longer DBBS sequence (to accommodate

the DML nonlinear memory) is used to address the power LUT and generate the

target power samples, which are interpolated and followed by the back-calculation.

The resulting drive current is then band-limited to 10.709 GHz, sampled at 21.418-

GSa/s and quantized to 64 levels assuming a 6-bit DAC. Finally an 11-bit sliding

shift register is used to initialize an 11-bit current LUT as shown in Figure 3.11. The

offline processing depicted in Figure 3.13 has been performed for target distances of

303 km, 379 km, 452 km, 526 km and 608 km. Although the final current LUT size

was kept constant at 11-bits, the optimization was performed using a 3-bit or 5-bit

power LUT for 303 km, and a 7-bit power LUT for target distances between 379 km

and 608 km. The maximum distance is limited by the size of the power LUT and the

convergence of the optimization method. As the CML is assumed to operate up to

10-Gb/s the effect of the laser package was not included.

The electrical eye diagram for the EDC drive current to the CML with an 11-bit

current LUT obtained from a 5-bit power LUT (EDC 303 km) and 7-bit power LUT

(EDC 608 km) is shown in Figure 3.14. The complexity of the drive signal is increased

for longer distances as more bits interfere and a longer LUT memory is required. The

fall and rise time of the pre-compensating currents are reduced for smaller power LUT

size. The RF spectra of the EDC currents for target distances from 303 km to 608

km with an 11-bit current LUT and (3-bit, 5-bit, 7-bit) power LUT sizes are shown

in Figure 3.15. The RF spectrum of the RC NRZ drive current with a roll-off factor
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Figure 3.13: Scheme for establishing a 11-bit current LUT from an m-bit power LUT.

of 1.0 is also shown. It is evident from Figure 3.15 that the smaller the power LUT

size the higher the frequency content of the drive current close to the DAC output

bandwidth, irrespective of the target distance compensated. The RF spectra of the

EDC currents optimized with the 7-bit power LUT exhibit small differences for target

distances between 379 km and 608 km.
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Figure 3.14: Electrical eye diagram for EDC drive current to the CML with an 11-bit
current LUT. (a) EDC for 303 km optimized using a 5-bit power LUT,
(b) EDC for 608 km optimized using a 7-bit power LUT.
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Figure 3.15: RF spectra of EDC currents for target distances between 303 km to 608
km with an 11-bit current LUT and (3-bit, 5-bit, 7-bit) power LUT. The
RF spectrum of the RC NRZ drive current with a roll-off factor of 1.0 is
also shown.
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The required OSNR was determined with OptiSystem through a detailed simula-

tion of the system shown in Figure 3.11 using a DBBS with 214 bits and an exhaustive

approach for calculating the BER [70,86]. The required OSNR at BER = 10−3 when

the CML is driven by the optimized EDC currents generated using a 21.418-GSa/s

DAC is shown in Figure 3.16, along with the performance of the no EDC case where

the CML was driven with a RC NRZ current with a roll-off factor of 1.0. The sim-

ulation results reported in Figure 3.16, utilized an 11-bit current LUT for all target

distances. The optimization was performed using a 5-bit power LUT for the target

distance of 303 km. A 7-bit power LUT was used in optimizing for target distances

from 379 km to 608 km. The results indicate that it is possible to compensate the

dispersion of 600 km of SMF using the proposed EDC technique with less than 3.5

dB penalty relative to back-to-back and a required OSNR < 14 dB at BER = 10−3.

To illustrate the effectiveness of pulse shaping for enhancing the dispersion toler-

ance of the CML, a particular bit sequence was transmitted using a NRZ RC drive

current and 21.418-GSa/s DSP generated EDC drive current for 303 km with a 3-bit

power LUT as shown in Figure 3.17. The standard drive current in Figure 2.32(a),

produces the expected dispersion tolerant power and chirp profiles as shown in Fig-

ure 2.32(b). After 303 km propagation, severe intersymbol-interference causes the

distortion in the received bit sequence as seen in Figure 2.32(c). Using the 21.418-

GSa/s drive current in Figure 2.32(d), produces a unique combination of output power

and chirp as shown in Figure 2.32(e). The received bit sequence is clearly discern-

able as illustrated in Figure 2.32(f). In case of the NRZ RC drive current, certain

bit combinations are preserved after propagation, while others are eliminated due to

dispersion causing a large penalty and eye closure.
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Figure 3.16: Required OSNR at BER = 1.0× 10−3 for the electronic dispersion pre-
compensated signals at 10.709-Gb/s using the CML with an 11-bit cur-
rent LUT and a 21.418-GSa/s DAC. The performance without EDC is
also shown where the CML was driven with a RC NRZ current with a
roll-off factor of 1.0.
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Figure 3.17: Time domain trace for EDC at 303 km using an 11-bit current LUT optimized using a 3-bit power
LUT. (a) RC NRZ drive current, (b) output optical power and chirp with no EDC, (c) received
electrical current with no EDC, (d) EDC drive current, (e) output optical power and chirp with EDC,
(f) received electrical current with EDC.
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3.3.2 Experimental Verification

The experimental set-up used a straight-line fiber link as shown in Figure 3.18. An

integrated circuit was used that includes a memory block and a 21.418-GSa/s DAC

with 6 bit resolution. The current LUT resulting from the offline processing was used

to generate pre-distorted digital samples, which were stored in the DSP memory. The

experiment was performed using a 214 DBBS. There was no feedback from the receiver

to the transmitter for further optimization of the LUT values or offset filtering at the

receiver to improve performance. The per-span launch power was 0 dBm. A BBS

with a VOA was used to load AWGN and facilitate measuring the dependence of

the BER on the OSNR. The receiver was composed of a pre-amplifier, an optical

bandpass filter, photodiode, electrical low-pass filter and clock-recovery module.

Figure 3.18: Experimental setup. DAC: digital-to-analog converter. CML: chirp
managed laser. VOA: variable optical attenuator. EDFA: erbium doped
fiber amplifier. BBS: broadband source. OSA: optical spectrum an-
alyzer. OBPF: optical band-pass filter. CR: clock recovery. ELPF:
electrical low-pass filter.
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The dependence of the measured BER on the OSNR (0.1 nm noise bandwidth)

for back-to-back, 227 km and 303 km transmission using a NRZ drive current with

RC pulse shape (roll-off factor 1.0) is shown in Figure 3.19. The FEC coding limit

of BER = 3.8 × 10−3 and BER = 1 × 10−3 are indicated. The required OSNR at

back-to-back was 12.4 dB for a BER = 3.8× 10−3. The CML dispersion tolerance is

around 227 km with a required OSNR of 13.7 dB at a BER = 3.8× 10−3 revealing a

1.3 dB penalty relative to the back-to-back case. Increasing the transmission distance

beyond 227 km results in a higher required OSNR and dispersion induced penalty.

At 303 km, the required OSNR was 18.1 dB at a BER = 3.8 × 10−3 revealing a 5.7

dB penalty relative to the back-to-back case.
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Figure 3.19: The dependence of the measured BER on the OSNR (0.1 nm noise band-
width) for the back-to-back case, 227 km and 303 km transmission with
no EDC using a RC NRZ drive current. (FEC limits at BER = 1.0×10−3

and BER = 3.8× 10−3 are shown).



CHAPTER 3. CHIRP MANAGED LASER 110

The simulated and measured eye diagrams of the received signal at back-to-back

and after 227 km transmission are shown in Figure 3.20. The simulated eye dia-

grams were obtained using OptiSystem and MATLAB, while utilizing the measured

frequency response of the 0.25 nm OBPF, the 0.55 nm OBPF and the ELPF at the

receiver. Both simulated and measured eye diagrams exhibit significant similarity and

indicate substantial intersymbol-interference as the signal from the CML reaches 303

km of SMF. The simulated and measured received eye diagrams after 303 km, 379

km and 608 km transmission are shown in Figure 3.21. Beyond 303 km, the received

eye diagram is completely closed. At 608 km, the clock can not be recovered.

Figure 3.20: Eye diagrams under RC NRZ modulation. (b) simulation, (b) measure-
ment of received signal at back-to-back. (c) simulation, (d) measurement
of the received signal after 227 km.
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Figure 3.21: Eye diagrams under RC NRZ modulation. (a) simulation, (b) measure-
ment of received signal after 303 km. (c) simulation, (d) measurement
of the received signal after 379 km. (e) simulation, (f) measurement of
the received signal after 608 km. (Time span 300 ps).
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In the following results, an 11-bit current LUT was used for all target distances.

The optimization was performed using a 5-bit power LUT for the target distance of

303 km, while a 7-bit power LUT was used in the optimization for target distances

from 379 km to 608 km. The measured output optical power spectra when the CML is

driven by a RC NRZ current and the generated EDC currents for the target distances

of 303 km, 379 km, 452 km, 526 km and 608 km are shown in Figure 3.22.
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Figure 3.22: Measured optical power spectra at the output of the CML, when the
laser is driven by the RC NRZ drive and optimized EDC currents.

The CML spectra are quite similar, with a lower spectral width compared to the

standard DML. This reflects the effect of the OSR in decreasing the modulated signal

bandwidth [16]. For all EDC currents, the optical signal can be placed in a 25 GHz

channel WDM system, with a -20 dB bandwidth of 12 GHz. The dependence of the

measured BER on the OSNR (0.1 nm noise bandwidth) for back-to-back, 303 km,
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379 km, 452 km, 526 km and 608 km transmission using an 11-bit current LUT is

shown in Figure 3.23. The FEC coding limits of BER = 3.8 × 10−3 and BER =

1 × 10−3 are indicated. The transmission results exhibit BER floors below the FEC

threshold. The required OSNR is plotted against fiber length in Figure 3.24 for both

EDC and no EDC case. Transmission up to 608 km is possible with a required OSNR

of 14.5 dB and 21 dB at BER = 3.8× 10−3 and BER = 1× 10−3, respectively. This

reveals a 2 dB penalty for EDC at 608 km relative to the back-to-back case at a

BER = 3.8 × 10−3. The penalty is less than 1 dB up to 526 km of SMF. The BER

before FEC decoding at full OSNR and the required OSNR for a BER of 3.8× 10−3

and 1.0 × 10−3 after transmission between 303 km and 608 km with EDC using an

11-bit current LUT are reported in Table 3.1. The required OSNR penalty relative

to back-to-back performance at the two FEC BER limits is summarized in Table 3.2.
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Figure 3.23: The dependence of the measured BER on the OSNR (0.1 nm noise band-
width) for the back-to-back case, 303 km, 379 km, 452 km, 526 km and
608 km transmission with EDC using an 11-bit current LUT. (The FEC
limits at BER = 3.8× 10−3 and BER = 1.0× 10−3 are shown).
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Table 3.1: Measured performance of EDC for 10.709-Gb/s using the DM-200-01 CML. Required OSNR for BER
= 1.0× 10−3 and BER = 3.8× 10−3 at back-to-back is 13.7 dB and 12.4 dB respectively.

Distance BER at Full OSNR OSNR at BER = 1.0× 10−3 OSNR at BER = 3.8× 10−3

303 km 6.0 ×10−7 13.8 dB 12.6 dB

379 km 3.0 ×10−6 13.8 dB 12.5 dB

452 km 1.4 ×10−5 14.5 dB 12.9 dB

526 km 5.6 ×10−5 15.2 dB 13.3 dB

608 km 6.2 ×10−4 21.0 dB 14.5 dB

Table 3.2: Measured performance of EDC for 10.709-Gb/s using the DM-200-01 CML. Required OSNR penalty
(dB) at BER = 1.0× 10−3 and BER = 3.8× 10−3.

Distance BER = 1.0× 10−3 BER = 3.8× 10−3

303 km 0.1 dB 0.2 dB

379 km 0.1 dB 0.1 dB

452 km 0.8 dB 0.5 dB

526 km 1.4 dB 0.8 dB

608 km 7.2 dB 2.0 dB
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The simulated and measured eye diagrams of the transmitted and received signals

for distances of 303 km, 379 km, 452 km, 526 km and 608 km are shown in Fig-

ures 3.25, 3.26, 3.27, 3.28 and 3.29, respectively. Both simulated and measured eye

diagrams indicate an increase in the complexity of the EDC signal at the output of the

CML as the size of the optimization power LUT increases from 5 bits (EDC 303 km)

to 7 bits (EDC 608 km). The received eye diagrams show remarkable eye-openings

even after 608 km transmission.

Figure 3.25: Eye diagrams for EDC at 303 km with an 11-bit current LUT and opti-
mized with a 5-bit power LUT. (a) simulation, (b) measurement of the
pre-compensated signal at the output of the CML. (c) simulation, (d)
measurement of the received signal after fiber link. (Time span 300 ps).
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Figure 3.26: Eye diagrams for EDC at 379 km with an 11-bit current LUT and opti-
mized with a 7-bit power LUT. (a) simulation, (b) measurement of the
pre-compensated signal at the output of the CML. (c) simulation, (d)
measurement of the received signal after fiber link. (Time span 300 ps).
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Figure 3.27: Eye diagrams for EDC at 452 km with an 11-bit current LUT and opti-
mized with a 7-bit power LUT. (a) simulation, (b) measurement of the
pre-compensated signal at the output of the CML. (c) simulation, (d)
measurement of the received signal after fiber link. (Time span 300 ps).
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Figure 3.28: Eye diagrams for EDC at 526 km with an 11-bit current LUT and opti-
mized with a 7-bit power LUT. (a) simulation, (b) measurement of the
pre-compensated signal at the output of the CML. (c) simulation, (d)
measurement of the received signal after fiber link. (Time span 300 ps).
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Figure 3.29: Eye diagrams for EDC at 608 km with an 11-bit current LUT and opti-
mized with a 7-bit power LUT. (a) simulation, (b) measurement of the
pre-compensated signal at the output of the CML. (c) simulation, (d)
measurement of the received signal after fiber link. (Time span 300 ps).
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The dispersion tolerance of this technique was investigated by using the EDC

for 452 km and measuring the required OSNR at neighboring distances as shown in

Figure 3.30. The 1-dB dispersion penalty window is 133 km and 110 km at BER =

3.8× 10−3 and BER = 1× 10−3, respectively. This high dispersion tolerance window

indicates that the LUT entries do not have to be determined precisely.
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Figure 3.30: Dispersion tolerance of EDC at 452 km around neighboring distances
(303 km, 379 km and 526 km) estimated through the required OSNR at
BER = 3.8× 10−3 and BER = 1.0× 10−3.

3.4 Summary

An EDC scheme for a CML was described and experimentally demonstrated for trans-

mission at a bit rate of 10.709-Gb/s. A single LUT for the drive current was designed

to mitigate the effects of fiber dispersion and the nonlinear modulation response of the

laser. Experimental results show that an 11-bit LUT can compensate the dispersion

of 608 km of SMF with a required OSNR of 14.5 dB at a BER of 3.8× 10−3.



Chapter 4

Passive Feedback Laser

Optical fiber links utilized in data centers and access networks have a 100 m to 100

km reach and are nominally operated at less than 2.5-Gb/s [5]. The commercial

deployment of 112-Gb/s systems for long-haul optical communications demands an

upgrade of existing 2.5-Gb/s channels to higher bit rates.

The use of advance modulation formats coupled with coherent detection and DSP

is prohibitive for short reach links due to the associated costs. Alternately, direct

modulation offers the potential for low cost solutions with high output power and

small form factor. In this chapter, a directly modulated passive feedback laser (PFL)

is used to generate DPSK signals, which are recovered using coherent detection and

noncoherent detection [102, 103]. To enable advance modulation formats beyond

DPSK with high spectral efficiency, RF subcarrier modulation (SCM) is investigated

in the context of very short reach (VSR) applications [104].

123
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4.1 Modulation Characteristics

The modulation bandwidth of conventional DFB lasers is limited to 10 GHz by the

carrier-photon resonance frequency [43]. One method of increasing the modulation

bandwidth is operating at a large bias current. However, this results in a low extinc-

tion ratio, which is undesirable for intensity modulated schemes. Optimizing the DFB

laser design such as gain material and device geometry can extend the modulation

bandwidth to 30 GHz [44]. Alternatively, the modulation bandwidth can be increased

beyond 35 GHz using the interaction between the optical modes [46]. This is known

as the photon-photon resonance, which can be induced by injection locking [45] or by

interaction with the feedback field through operating a multi-section laser [47].

The PFL is a two-section device consisting of a DFB laser and an integrated

feedback (IFB) section [47]. PFLs which utilize a photon-photon resonance have

been shown to exhibit a 3-dB modulation bandwidth in excess of 35 GHz, enabling

intensity modulation up to 40-Gb/s [105]. A schematic illustrating the structure of

a PFL in the longitudinal direction is shown in Figure 4.1 (a). The output facet of

the PFL is on the DFB side with an antireflection (AR) coating. A high reflectivity

(HR) coating is placed on the facet of the IFB section. The PFL has a high speed

RF input signal connected to the DFB section (denoted IDFB). The strength of

the feedback is controlled through the DC current IFB. The interaction of the DFB

longitudinal cavity modes is controlled through the feedback strength resulting in a

photon-photon resonance frequency which is a few times larger than the standard

carrier-photon resonance frequency. This is illustrated by the modulation response

shown in Figure 4.1 (b). When the integrated feedback current IFB = 0 mA, the PFL

acts as a single section device exhibiting only a carrier-photon resonance peak. At
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a feedback phase Φ1, a damped photon-photon resonance occurs resulting in slight

improvement in the modulation bandwidth. At Φ3, the system is undamped resulting

in a large peak at the photon-photon resonance frequency. The optimum operating

condition would be around Φ2, where the PFL exhibits a flat-top low-pass modulation

response [105]. A detailed theoretical [106] and experimental [46, 47] investigation

of the PFL showed a remarkable enhancement in the modulation bandwidth and

wavelength stability.

DFB section Integrated feedback section
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Figure 4.1: Passive Feedback Laser. (a) structure in the longitudinal direction, (b)
typical frequency response. AR: antireflection; HR: high reflectivity.

The PFL used in this chapter was fabricated by the Heinrich-Hertz-Institute.

A scanning electron microscope image of the PFL with the DFB and IFB sections

indicated is shown in Figure 4.2 (a) [105], while a packaged version is shown in

Figure 4.2 (b). The PFL operated at a nominal wavelength of 1531.5 nm at 200C.

To assess the wavelength stability of the PFL under feedback current variations, the
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DFB bias current was fixed at 60 mA, while sweeping the IFB section current IFB

between 0 mA to 30 mA. Figure 4.3 (a) shows the contour plot of the PFL spectrum

under CW operation as a function of the IFB section current. The PFL wavelength

is stable with no mode shifts throughout the entire IFB section current range [105].

The L-I curve for the PFL can be obtained through sweeping the DFB bias current

at a specific IFB current. Figure 4.3 (b), shows the L-I curve when no feedback is

present IFB = 0 mA. The kink appearing in the L-I curve is caused by heating and

results in a wavelength shift [107]. To identify regions of high output power under

CW conditions, a contour plot of the different L-I curves obtained through sweeping

IFB is shown in Figure 4.3 (c). The two operating points recommended by the vendor

are IDFB = 60 mA and 80 mA, offering a maximum output power of 4.6 dBm and

5.1 dBm at an IFB section current of IFB = 0 mA, respectively.

Figure 4.2: Heinrich-Hertz-Institute 40-Gb/s directly modulated PFL. (a) internal
structure (obtained from [105]), (b) packaged device.

The large signal modulation characteristics of the PFL can not be captured by

the standard DFB rate equations presented in chapter 2 [108]. A complete model

for the modulation dynamics of the PFL would require accounting for the spatial

and temporal variations in the counter propagating optical fields in the PFL cavity

[106]. The travelling wave model is the typical numerical tool used in solving for
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the electrical field at the PFL output [109]. The nonlinear modeling of the PFL is

beyond the scope of this work. Throughout this chapter, the PFL is treated as a

linear device, with the following assumptions:

• The relationship between the input current I(t) and the output power P (t) is linear.

A more detailed model for the PFL, which accounts for the nonlinear modulation

dynamics, is not required for the applications presented in this chapter as the PFL is

biased well above the threshold current.

• The PFL output electrical field maintains the functional relationship between the

optical power and chirp described by equation (2.18) typical of a DFB laser, with

both adiabatic and transient chirp components.

• The extinction ratio, magnitude of optical chirp and modulation bandwidth change

with the feedback current IFB at a given DFB laser bias current IDFB.
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Figure 4.3: PFL characterization at 200C: (a) Spectrum in dBm as a function of IFB when IDFB = 60 mA. (b) L-I
curve when IFB = 0 mA. (c) Contour plot of the output power in mW while sweeping IFB from 0 mA
to 30 mA and IDFB from 0 mA to 100 mA.
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4.2 DPSK Generation and Transmission

4.2.1 Introduction

DPSK is attractive for long-haul, regional, metropolitan and access networks, as its

OSNR sensitivity and robustness to fiber nonlinearities support long amplified and

unamplified transmission distances, and its receiver sensitivity supports large splitting

factors [5]. DPSK signals can be recovered using either noncoherent detection (Mach-

Zehnder delay interferometer with a delay equal to the bit period) or DSP enabled

coherent detection. Coherent technology and DSP has emerged as a feasible solution

to accommodate the required receiver sensitivity, wavelength selectivity and reach in

optical networks [5,110]. In particular, coherent detection of DPSK signals has been

shown to extend the unrepeated transmission distance for a bit rate of 10.709-Gb/s to

304 km, overcoming 58 dB of link loss [110]. The generation of DPSK signals typically

uses a LiNbO3 MZM biased at extinction and driven by an NRZ electrical signal with

a peak-to-peak voltage of 2Vπ as illustrated in Figure 4.4 (a) [35]. The output optical

intensity and phase coding for an MZM DSPK signal is shown in Figure 4.4 (b).

Using an MZM results in a nearly constant amplitude except at bit transitions.

Using simple, compact and low cost DPSK transmitters that avoid the use of ex-

ternal modulation is advantageous for many applications in passive optical networks.

The use of a DML to generate an NRZ-DPSK signal has been experimentally demon-

strated in [111]. The concept of generating a DPSK signal using a DML is illustrated

in Figure 4.4 (c). At a bias current well above threshold, a bipolar drive signal with

a width of Ts/2 (where Ts denotes the bit period) and appropriate driving voltage

amplitude induces a ±π phase change at bit transitions producing DPSK signals at a
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bit rate of 1/Ts bits per second. The time resolved depiction of the optical intensity,

chirp and phase is illustrated in Figure 4.4 (d). For a DML based DPSK transmitter,

the optical phase assumes an NRZ format, with some amount of inherent intensity

modulation accompanying the DPSK generation.

Figure 4.4: Optical NRZ-DPSK signal: (a) generation scheme with a MZM, (b) MZM
output intensity and phase coding, (d) generation scheme with a DML,
(e) DML output intensity, chirp and phase coding.

To improve the performance or to increase the bit rate of a DML based DPSK

transmitter, a laser with high modulation bandwidth and precise chirp tuning is
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needed. If the full modulation bandwidth potential of the PFL is not used, it provides

an additional degree of freedom by allowing the chirp, bandwidth and extinction ratio

to be tuned, albeit not independently, via the feedback section current [46].

In this section, the generation of DPSK signals using a directly modulated PFL at

10.709-Gb/s, 14-Gb/s and 16-Gb/s is demonstrated. The quality of the DPSK signals

was assessed using both noncoherent detection for a bit rate of 10.709-Gb/s and

coherent detection with DSP involving a pattern-dependent distortion compensator.

4.2.2 Experimental Set-Up

The experimental set-up for DPSK generation and transmission is shown in Figure 4.5.

A programmable arbitrary waveform generator which consists of a memory block

interfaced to a Micram VEGA DAC was used for generating the drive signal for the

PFL. The DAC has a 6-bit resolution and a variable sampling rate. The sampling

rate was set to 21.418-GSa/s, 28-GSa/s and 32-GSa/s for bit rates of 10.709-Gb/s,

14-Gb/s and 16-Gb/s, respectively. This allows 2 samples per bit. A 218 DBBS was

differentially encoded and used in synthesizing the bipolar drive current IDFB for the

DFB section of the PFL. The strength of the feedback was controlled through IFB.

A variable optical attenuator (VOA) was used to vary the received optical power

(ROP) after 100 km of SMF and prior to a pre-amplified receiver consisting of an

EDFA and noncoherent or coherent detector. For the case of noncoherent detection,

a delay interferometer (DI) and balanced photo-detectors followed by an automatic

gain control (AGC) amplifier were used to detect the NRZ-DPSK signal. The BER

was measured using an error detector. In the case of coherent detection, the received

signal was applied to a polarization controller (PC), to accommodate the use of a
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dual-polarization receiver which consists of a local oscillator (LO) laser, two 2 × 4

90o hybrids, and balanced photo-detectors. The LO had a linewidth of 100 kHz. The

in-phase and quadrature components of the electrical field were digitized by 80-GSa/s

ADCs using a real-time sampling oscilloscope with 32 GHz electrical bandwidth.

Figure 4.5: PFL-DPSK experimental set-up. DAC: digital-to-analog converter; RF:
radio-frequency; DFB: distributed feedback laser; FB: feedback; PFL:
passive feedback laser; SMF: single mode fiber; VOA: variable optical
attenuator; EDFA: erbium doped fiber amplifier; PC: polarization con-
troller; LO: local oscillator; ADC: analog-to-digital converter; DSP: digi-
tal signal processor; AGC: Automatic gain control.

DSP was performed off-line in a sequence of steps shown in Figure 4.6 including

(i) normalization to unity mean squared magnitude [112] and filtering (ii) down-

sampling to 2 samples per bit, (iii) dispersion compensation using a 13-tap FIR fixed



CHAPTER 4. PASSIVE FEEDBACK LASER 133

time-domain equalizer [30], (iv) digital square and filter clock recovery [31], (v) am-

plitude distortion compensation using an 11-tap constant modulus algorithm (CMA)

equalizer with a convergence parameter µ = 1 × 10−5 and 13 iterations [30], (vi)

carrier frequency recovery using a spectral domain algorithm [113], (vii) phase recov-

ery using a sliding window algorithm with a 3-bit window size [114] for initial phase

estimation and (viii) a pre-decision directed 5-bit LUT pattern-dependent distortion

compensator [115]. The BER was determined by direct bit error counting and the

error vector magnitude (EVM) calculated by:

EVM =

√√√√√ 1
N

∑N
k=1

[(
Ik − Ĩk

)2
+
(
Qk − Q̃k

)2]
1
N

∑N
k=1 (I2k +Q2

k)
(4.1)

where k is the symbol index and N is the total number of symbols. Ĩk and Q̃k are

the in-phase and quadrature components of the received symbols, while Ik and Qk

are the in-phase and quadrature components of the ideal constellation points.

Normalization and Filtering

Down Sampling (2 Sa/Symbol)

Dispersion Compensation

Timing Recovery

Constant Modulus Algorithm

Frequency Offset Estimation

Carrier Phase Estimation

Decision Directed LUT

BER and EVM Calculation

Figure 4.6: Offline DSP steps for coherent detection of the DSPK signals generated
using the PFL.
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4.2.3 PFL Operating Condition

To utilize the PFL as a phase modulator, it is essential to operate with a high fre-

quency modulation (FM) efficiency and low extinction ratio (ER). At a bias current

well above threshold, the nonlinear modulation dynamics of the PFL are suppressed

and the laser exhibits a low ER using the requisite modulation current, while ensuring

the magnitude of the transient contribution to the output optical chirp is minimized.

On the other hand, a high FM efficiency increases the magnitude of the adiabatic

contribution to the output optical chirp and in turn minimizes the residual amplitude

distortion inherent to the phase modulation. The complex-coupled PFL used in this

experiment was operated at 1532 nm and exhibited a threshold current of 5 mA. The

DFB section of the PFL was biased at 60 mA and operated at 20oC. Under these

conditions the PFL exhibits a large linewidth enhancement factor, which results in

significant adiabatic chirp and negligible transient chirp. The magnitude of this adi-

abatic chirp can be controlled by varying the feedback current IFB. The measured

adiabatic chirp and ER are illustrated in Figure 4.7 for 23 mA peak-to-peak modu-

lation current at 1-Gb/s with the bit sequence [1010 . . .]. The Advantest Q7607

optical chirp test set was used for measuring the PFL chirp [76]. Initially, increasing

the feedback current IFB results in a decrease in the adiabatic chirp and increase in

the extinction ratio prior to an abrupt change around IFB = 9.5 mA, indicating the

onset of the second 2π cycle of the feedback phase [46]. The two points of operations,

which exhibit high FM efficiency and low ER are at IFB = 1 mA and IFB = 10 mA.

The small signal IM frequency responses of the PFL at these selected points

of operation are shown in Figure 4.8. The IM measurements in this chapter were

performed using a calibrated Anritsu 37397C vector network analyzer (VNA) specified
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Figure 4.7: Adiabatic chirp and extinction ratio dependence on the feedback current
under 1-Gb/s modulation.

for operation up to 65 GHz [116]. A total of 1232 data points were collected by the

VNA with trace averaging enabled. The 3-dB modulation bandwidth was 5.3 GHz

at IFB = 1 mA and 7.8 GHz at IFB = 10 mA. Setting IFB below 1 mA results in

self-pulsation. Therefore, the feedback current IFB was set to 1 mA for modulation

at 10.709-Gb/s and 10 mA for modulation at 14 and 16-Gb/s. The modulation

potential of the PFL (3-dB bandwidth > 35 GHz) was not fully exploited, as the

laser was operated at a point favourable for DPSK generation exhibiting high FM

efficiency and low extinction ratio.

4.2.4 Pattern-Dependent Distortion Compensation

The use of LiNbO3 MZM to generate DPSK signals results in nearly perfect phase

transitions, rendering the system tolerant to drive voltage imperfections [35]. How-

ever, for DML based DPSK transmitters any slight asymmetry in the driving signal

or long streams of ones or zeros result in a pattern-dependent distortion. This is
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Figure 4.8: IM Response of the PFL at IFB = 1 mA and IFB = 10 mA when the
DFB section is biased at 60 mA.

eventually manifested as nonlinear phase distortion and can be observed by plotting

the unwrapped phase after frequency offset compensation of the coherently detected

10.709-Gb/s DPSK signal as illustrated in Figure 4.9. To compensate for this pattern-

dependent phase distortion a decision directed LUT scheme was used as part of the

receiver DSP [115]. As demonstrated in chapter 2 and chapter 3, the LUT is an appro-

priate nonlinear processing unit for mitigating the large signal modulation distortion

in directly modulated lasers [23].

The concept of utilizing a LUT in the DSP steps of a coherent receiver has been

introduced in the US patent [115], as part of a carrier phase estimation algorithm

designed to be resilient to pattern dependent effects such as self-phase modulation. In

our investigation, the LUT was used in a pre-decision mode as shown in Figure 4.10.

The LUT contains the required phase correction ∆Φ for the central complex data

sample within a specific sequence of sample values of length 2n+1. Initially the LUT

phase corrections are all zero. A sliding window Φin[k−n : k : k+n] is used to group
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Figure 4.9: Unwrapped phase of the coherently detected 10.709-Gb/s DPSK signal.

n symbols to the left and to the right of the incoming phase estimate of interest

Φin[k]. A pre-decision on all 2n+1 complex samples in the sliding window Φ̃in[k−n :

k : k+n] is used to form an address N of the LUT. The phase correction ∆Φ[k] is the

difference between the incoming central phase sample Φin[k] and its corresponding

pre-decision output Φ̃in[k]. The phase correction ∆Φ[k] is subsequently added to the

corresponding table entry. With a specific bit sequence appearing numerous times,

the phase corrections will accumulate at a specified LUT entry. A LUT counter

(C) is used to track the number of updates at that specified LUT entry. The average

correction is subsequently used to correct Φin[k] and produce the output phase Φout[k]

prior to BER counting. The LUT is operated on a symbol by symbol basis.

4.2.5 Results

The bipolar drive signal generated using the arbitrary waveform generator was de-

signed to synthesize the first derivative of an RC NRZ pulse train with a roll-off factor
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Figure 4.10: Block-diagram of a decision directed LUT for pattern-dependent phase
distortion compensation.

of 1.0. The eye diagram of the electrical drive signal at 10.709-Gb/s is shown in Fig-

ure 4.11 (a). The eye diagram of the noncoherently detected DPSK signal is shown

in Figure 4.11 (b) at a large ROP, while the normalized output optical spectrum is

shown in Figure 4.12. The spectrum is similar to that for a typical NRZ-DPSK signal

generated using a MZM [35].

Figure 4.11: PFL-DPSK at 10.709-Gb/s. (a) Eye diagram of electrical drive signal,
(b) Eye diagram after noncoherent detection (Time-span 300 ps).
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Figure 4.12: Output optical spectrum of the PFL-DPSK at 10.709-Gb/s (0.06 GHz
resolution bandwidth).

The constellation diagram of the 10.709-Gb/s DPSK signal after coherent detec-

tion and initial carrier phase estimation is shown in Figure 4.13 (a), while the final

recovered constellation diagram after a 5-bit (n = 2) decision directed LUT distortion

compensator is illustrated in Figure 4.13 (b). It evident from Figure 4.13 (a) that the

pattern dependent effect is manifested as nonlinear phase distortion resulting in an

EVM of 18%. This pattern dependent effect is mitigated using the LUT approach,

reducing the nonlinear phase distortion as shown in Figure 4.13 (b) and resulting in

an EVM of 5.3%. In Figure 4.13 (c), the steady-state value of the average phase cor-

rection LUT(N)/C(N) plotted against the LUT binary address for the 5-bit LUT (n =

2) is illustrated, revealing the specific pattern dependent sequences of ones and zeros

requiring strong phase correction. In practice, the LUT content can be pre-calculated

at high ROP or through using training symbols [115].
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Figure 4.13: PFL-DPSK at 10.709-Gb/s (coherent detection), (a) Constellation dia-
gram after initial phase estimation, (b) Constellation diagram after LUT
distortion compensation, (c) Phase correction per LUT address.
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In coherent systems it is possible to post-compensate linear impairments such as

chromatic dispersion and polarization mode dispersion through the use of powerful

DSP algorithms with either time domain or frequency domain equalization [117]. In

this work, the time domain approach is adapted with an inverse linear finite impulse

response (FIR) filter, eliminating the need for optical dispersion compensation. The

complex filter tap coefficients were calculated according to [30] and shown in Fig-

ure 4.14 for 100 km of SMF at a nominal dispersion parameter D = 16 ps/nm/km.
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Figure 4.14: 13-tap FIR coefficients for chromatic dispersion compensation.

After 100 km of SMF transmission the received constellation is unrecognizable as

shown in Figure 4.15 (a) at ROP = -42.2 dBm and a bit rate of 10.709-Gb/s. The

constellation after CMA and frequency offset estimation is shown in Figure 4.15 (b).

The frequency offset was not fully compensated as evident by the residual spinning

of the constellation in Figure 4.15 (b). The constellation points for the DPSK signal

emerge after carrier phase estimation and the LUT distortion compensation as seen

in Figure 4.15 (c), while the corresponding eye diagram is shown in Figure 4.15 (d).
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Figure 4.15: Measured constellation diagrams of received DSPK signal with coherent
detection after 100 km transmission at ROP = -42.2 dBm and a bit
rate of 10.709-Gb/s. (a) before chromatic dispersion compensation, (b)
after dispersion compensation, CMA and frequency offset estimation, (c)
after carrier phase estimation and LUT based distortion compensation,
(d) measured eye diagram of recovered signal.
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In the context of coherent access networks, the dependence of the BER on the

ROP for both noncoherent and coherent detection is presented in Figure 4.16 for a

10.709-Gb/s NRZ-DPSK signal at back-to-back. The performance of the system with

coherent detection after 100 km of SMF transmission is also plotted. In all coherent

detection measurements 267,500 bits were used to estimate each BER value and a

5-bit (n = 2) LUT was employed.
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Figure 4.16: Dependence of BER on ROP at 10.709-Gb/s with noncoherent and co-
herent detection at back-to-back and after 100 km of SMF transmission.
BER results were obtained using an error detector and a real-time sam-
pling oscilloscope for noncoherent and coherent detection, respectively.

It is evident from Figure 4.16, that the PFL DPSK transmitter can generate high

quality DPSK signals intended for both noncoherent and coherent detection with no

apparent BER floor. Assuming an FEC limit at BER = 3.8×10−3, coherent detection

offers a 5.7 dB improvement in the receiver sensitivity over noncoherent detection at

back-to-back. A similar improvement of 5.61 dB is observed assuming an FEC limit at

BER = 1.0× 10−3. A small penalty (< 0.2 dB) at both FEC limits was induced after
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100 km transmission, where dispersion compensation was performed at the receiver

using a 13-tap time domain FIR equalizer. The ROP at the FEC limit was -45 dBm.

The output power of the PFL was 4 dBm; this allows the PFL-DPSK transmitter to

operate within a 49 dB loss margin with coherent detection. The coherent receiver

sensitivity can be further improved using an optimized receiver, as opposed to a

real-time sampling oscilloscope.

To illustrate the potential of exploiting the improved PFL bandwidth, 14 and

16-Gb/s DPSK signals were generated by setting IFB = 10 mA. Both of the 14-Gb/s

and 16-Gb/s signals were coherently detected without exhibiting a BER floor with an

EVM of 5.7% and 6.8%, respectively. The recovered constellation diagrams after using

a 5-bit LUT pattern dependent distortion compensation are shown in Figure 4.17.

The 14-Gb/s DPSK signal is of particular interest as it scales well with the emerging

112-Gb/s standard [118], allowing for only 8 directly modulated PFL’s in a WDM

configuration to enable 100-Gb/s data transmission.

Figure 4.17: Constellation diagrams of received DPSK signal with coherent detection
for back-to-back at (a) 14-Gb/s and (b) 16-Gb/s.
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4.3 Subcarrier Modulation

The increase in demand for bandwidth requires short reach optical fiber systems that

operate at a bit rate of 100-Gb/s. Current and next generation standards (100GE-

SR10 and SR4) employ 10 wavelengths at a bit rate of 10-Gb/s and 4 wavelengths at

25-Gb/s [41]. Single carrier 100-Gb/s systems with high spectral efficiency operate

at relatively low symbol rates and offer a small footprint and high capacity for WDM

links. Such systems can be achieved using QAM formats, dual polarization (DP) and

coherent detection with DSP. The directly modulated DPSK transmitter proposed in

the previous section can not be easily extended to produce advance QAM formats.

For example, a simple quadrature phase shift keying (QPSK) signal requires a 7 level

bipolar drive current. Even when external modulation is employed, the cost and

complexity of coherent detection is prohibitive for short reach applications.

A more practical solution is to use intensity modulation and direction detection

(IM/DD) [48]. The intensity of an optical carrier is modulated using a DML or single-

drive modulator and the received signal is detected using a single photodiode. Binary

IM at 100-Gb/s is difficult to implement, due to limitations in both driving electronics

and E/O converters, and exhibits a low spectral efficiency (SE). Multi-level IM can

increase the SE. Transmission at 100-Gb/s over 100 m of SMF was achieved using

DP 4-level IM and a vertical cavity surface emitting laser (VCSEL) with a bandwidth

of 18 GHz [48]. Although 4-level IM is straight forward, it does not accommodate a

channel spacing of 50 GHz and exhibits poor receiver sensitivity and limited reach.

The IM/DD system bit rate can be increased using discrete multitone (DMT)

modulation. Transmission over 20 km of SMF was achieved at 52.8-Gb/s with a

DML [49]. The main drawbacks of DMT are the added complexity due to the fast
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Fourier transform operations required at both ends of the system, the use of adaptive

bit-loading algorithms requiring feedback between receiver and transmitter, and poor

power efficiency due to the high peak-to-average power ratio of the drive signal.

A more viable method is single cycle RF subcarrier modulation. A QAM signal

can be modulated onto an electrical RF subcarrier with a frequency equal to the

symbol rate [51]. The difference between conventional IQ modulation and single-cycle

SCM is illustrated in Figure 4.18. In a conventional IQ cartesian modulator shown

in Figure 4.18 (a), the in-phase and quadrature components of the electrical field

can be controlled independently allowing for arbitrary optical QAM formats. The

typical optical spectrum at the output of the IQ modulator is shown in Figure 4.18

(b) assuming the CW laser is operating at 193.1 THz. Using standard NRZ pulses

the optical spectrum exhibits a null-to-null bandwidth of 2fs, where fs is the symbol

rate. Alternatively, a baseband electrical QAM signal can modulate an RF subcarrier

with a carrier frequency equal to fs. The single-cycle SCM transmitter utilizing an

MZM is shown in Figure 4.18 (c). The MZM can be replaced by a DML or phase

modulator but not without implications [119].

The use of single-cycle SCM removes much of the complexity in the transmitter

and receiver. The need for a complicated nested MZM structure, with high drive

voltages and complex bias control is eliminated. In the receiver only the intensity

of the optical signal is recovered and the optical phase does not carry information

allowing for simple photo-detection. The drawback of SCM is the doubling of the

optical bandwidth exhibiting a null-to-null width of 4fs as shown in Figure 4.18 (d).

To overcome this disadvantage optical bandpass filtering can be used to suppress one

of the sidebands and improve the spectral efficiency [51].
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Figure 4.18: Example of conventional IQ modulation: (a) transmitter, (b) optical
spectrum. Example of single-cycle SCM: (c) transmitter, (d) optical
spectrum.

The generation of the modulated RF subcarrier in the electrical domain using

analog circuits is difficult due to the limited capabilities of current broadband mixers

and RF combiners. Alternately, the modulated RF subcarrier can be generated using

a high speed DAC or directly synthesized using digital exclusive-OR gates [119].

Experimentally, a 56-Gb/s 16-QAM signal was generated on a 14 GHz single-cycle

RF subcarrier using digital exclusive-OR gates [51]. The transmitter employed an

external MZM modulator and stringent optical bandpass filtering to improve the

spectral efficiency [51].
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In this section a novel SCM scheme with a subcarrier frequency of half the symbol

rate is introduced. The generation of this half-cycle SCM is possible through Nyquist

pulse shaping using a high speed DAC. The difference between the single-cycle NRZ

SCM and half-cycle Nyquist SCM is illustrated in Figure 4.19. In case of a standard

NRZ pulse shape the generated RF subcarrier has an electrical bandwidth of 2fs as

shown in Figure 4.19 (a). The corresponding optical spectrum is shown in Figure 4.19

(b). Using Nyquist pulse shape (RC pulse with a roll-off factor of zero) the electrical

bandwidth of the RF subcarrier is only fs as shown in Figure 4.19 (c), allowing for a

subcarrier frequency of fs/2 and on optical spectrum with a null-to-null bandwidth

of 2fs as shown in Figure 4.19 (d). Nyquist pulse shaping approaches the theoretical

limits of spectral efficiency with a virtually square-like spectrum [120,121]. Half-cycle

Nyquist SCM maintains the same spectral efficiency of a conventional IQ modulator

with a standard NRZ pulse shape. The half-cycle Nyquist SCM signals were generated

for QPSK and 16-QAM modulation formats.

4.3.1 Experimental Set-Up

The experimental set-up used to investigate single-cycle SCM and half-cycle Nyquist

SCM is shown in Figure 4.20. A programmable arbitrary waveform generator which

consists of a memory block interfaced to a Micram VEGA DAC was used to generate

the drive signal for the transmitter. The DAC has a 6-bit resolution and a variable

sampling rate. The DAC produced the analog drive signal IDFB for the DFB laser.

The strength of the feedback was controlled through the DC current IFB applied to

the integrated feedback section. A linear electrical amplifier was used to produce

a 4 Vpp RF drive signal. A pre-amplified receiver consisting of an EDFA, OBPF
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Figure 4.19: Example of single cycle SCM: (a) RF subcarrier spectrum, (b) optical
spectrum. Example of half-cycle Nyquist SCM: (a) RF subcarrier spec-
trum, (b) optical spectrum.

with 0.55 nm bandwidth, a PIN photodiode was used to detect PFL output. The

photocurrent was amplified, digitized by 80-GSa/s ADC using a real-time sampling

oscilloscope with a 32 GHz bandwidth, and stored for offline processing.

To accurately modulate an RF subcarrier it is imperative for the directly mod-

ulated transmitter to operate with a high modulation bandwidth and flat frequency

response. The PFL offers the opportunity to tune the frequency response bandwidth

and flatness. The PFL was operated at a bandwidth of 19 GHz, with the DFB laser

and IFB section biased at 80 mA and 21 mA, respectively. The small signal IM fre-

quency responses of the PFL at this operating point and when no feedback is applied

(IFB = 0) is shown in Figure 4.21. A flat frequency response is observed with no

abrupt attenuation dips.
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Figure 4.20: Experimental set-up for SCM. Tx: transmitter; DSP: digital signal pro-
cessor; DAC: digital-to-analog converter; RF: radio-frequency; DFB:
distributed feedback laser; FB: feedback; PFL: passive feedback laser;
EDFA: erbium doped fiber amplifier; OBPF: optical bandpass filter;
ADC: analog-to-digital converter; Rx: receiver.
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Figure 4.21: IM response of the PFL at IFB = 0 mA and IFB = 21 mA when the
DFB section is biased at 80 mA.
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The DSP steps performed at the transmitter and receiver for modulating and

demodulating the SCM signals are illustrated in Figure 4.22 and Figure 4.23, respec-

tively. A 218 DBBS was used for the bit to symbol mapping and the generation of

the in-phase (I) and quadrature (Q) signals. The variable (m) assumes a value of

1 or 2 for single-cycle SCM or half-cycle Nyquist SCM, respectively. In the case of

half-cycle Nyquist SCM (m = 2) zero roll-off RC pulse shaping was performed to

produce Nyquist pulses with a square-like spectrum. In the case of single-cycle SCM,

the Nyquist pulse shaping block is disabled and a standard NRZ drive pulse is as-

sumed. Subsequently, the I and Q components were modulated (up-converted) on to

an RF subcarrier with (fs/m) carrier frequency. The up-converted signal was ban-

dlimited to (2fs/m) before applying a pre-emphasis filter to compensate for the DAC

response [122]. The DAC was operated at (4fs/m) satisfying the Nyquist-Shannon

sampling theorem. It is clear that half-cycle Nyquist SCM not only improves the

spectral efficiency, but also minimizes the required DAC sampling rate.

At the receiver, the digitized photocurrent was normalized, down-converted and

band-limited to (fs/m) using an anti-aliasing filter to produce separate I and Q sig-

nals. A digital square and filter clock recovery algorithm was used after down sampling

from 5.71 samples/symbol to 2 samples/symbol. Equalization was performed using

CMA for pre-convergence followed by a radius directed (RD) algorithm. The CMA

employed 11-taps with a convergence parameter µ = 1× 10−5 and 13 iterations [30].

The RD algorithm employed 11-taps with a convergence parameter µ = 1 × 10−5

and 20 iterations [123]. Carrier phase recovery was performed using the blind phase

search algorithm with a block length of 50 symbols and 32 test phases [124]. Finally,

symbol-to-bit mapping, BER counting and EVM calculation were performed.
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Figure 4.22: Transmitter DSP for RF subcarrier modulation (m = 1 single-cycle SCM,
m = 2 half-cycle Nyquist SCM).

Figure 4.23: Receiver DSP for RF subcarrier demodulation (m = 1 single-cycle SCM,
m = 2 half-cycle Nyquist SCM).
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4.3.2 Experimental Results

Single-Cycle SCM

For single-cycle SCM the transmitter and receiver DSP processing steps were per-

formed with m = 1. A total of 183,000 symbols were used for the offline processing

to obtain BER and EVM results. A bit rate of 10.709-Gb/s can be generated using

a 5.354-GSym/s QPSK signal or 2.677-GSym/s 16-QAM signal. The simulated and

experimentally generated electrical eye diagram at the DAC output for QPSK and

16-QAM single-cycle SCM at a bit rate of 10.709-Gb/s are shown in Figure 4.24. For

a bit rate of 10.709-Gb/s, the DAC was always operated at 21.418-GSa/s allowing for

multiple samples per symbol at any symbol rate below 5.354-GSym/s. The simulated

eye diagrams in Figure 4.24 (a) and (c) are in good agrement with the experimentally

observed ones in Figure 4.24 (b) and (d). The 16-QAM single-cycle SCM drive signal

is considerably more complex than the requisite drive signal for generating QPSK as

seen by comparing Figures 4.24 (a) and (b) with Figures 4.24 (c) and (d).

The measured received electrical spectrum after photo-detection for the QPSK

single-cycle SCM signal is shown in Figure 4.25 (a). The subcarrier spectral width

was 2fs = 10.709 GHz, where the symbol rate fs = 5.354-GSym/s. The recovered

constellation diagram is shown in Figure 4.25 (b) with an EVM of 7.72%. The received

subcarrier for 16-QAM single-cycle SCM is shown in Figure 4.25 (c). The subcarrier

spectral width was 2fs = 5.354 GHz, where the symbol rate fs = 2.677-GSym/s. The

recovered constellation diagram is shown in Figure 4.25 (d) with an EVM of 3.39%.

Both QPSK and 16-QAM single-cycle SCM signals were error bit free. The 16-QAM

recovered constellation exhibited a lower EVM than the recovered QPSK signal due

to the lower symbol rate, which allows for 4 samples per symbol.
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Figure 4.24: Single-cycle SCM at 10.709-Gb/s time domain electrical eye diagrams
at the DAC output. (a) simulated for QPSK, (b) measured for QPSK,
(c) simulated for 16-QAM, (d) measured for 16-QAM. (Time-span for
simulated eye diagrams is 373.5 ps) and (Time-span for experimental
eye diagrams is 500 ps).
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Figure 4.25: Single-cycle SCM at 10.709-Gb/s. (a) measured RF spectrum for the
received QPSK subcarrier, (b) recovered constellation diagram for the
received QPSK subcarrier, (c) measured RF spectrum for the received
16-QAM subcarrier, (d) recovered constellation diagram for the received
16-QAM subcarrier.
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To generate higher bit rate signals at a reasonable DAC sampling rate and ad-

equate noise tolerance the 16-QAM format is of particular interest [118, 125]. The

16-QAM single-cycle SCM was utilized in generating back-to-back signals at 14-Gb/s

and 28-Gb/s with a symbol rate fs of 3.5-GSym/s and 7-GSym/s, respectively. The

DAC was always operated at 28-GSa/s allowing for multiple samples per symbol at

any symbol rate below 7-GSym/s. The recovered constellation diagrams for the 14-

Gb/s and 28-Gb/s signals are shown in Figure 4.26 with an EVM of 4.75% and 8.44%

respectively. Both 14-Gb/s and 28-Gb/s single-cycle SCM signals were bit error free.

Figure 4.26: 16-QAM single-cycle SCM. (a) recovered constellation diagram at 14-
Gb/s, (b) recovered constellation diagram at 28-Gb/s.

Half-Cycle Nyquist SCM

For half-cycle Nyquist SCM the transmitter and receiver DSP processing steps were

performed with m = 2. A total of 183,000 symbols were used in the offline processing

to obtain the BER and EVM results. Using 16-QAM half-cycle Nyquist SCM, bit

rates of 14-Gb/s, 28-Gb/s and 56-Gb/s were achieved at a DAC sampling rate of

28-GSa/s. In particular, the 56-Gb/s signal could not be previously generated using
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the single-cycle SCM scheme as it would require a 56-GSa/s DAC to synthesize a

modulated RF subcarrier at 14 GHz. The simulated and experimentally generated

electrical eye diagrams at the DAC output for 16-QAM half-cycle Nyquist SCM at a

bit rate of 56-Gb/s are shown in Figure 4.27.

Figure 4.27: 16-QAM half-cycle Nyquist SCM at 56-Gb/s time domain electrical eye
diagrams at the DAC output. (a) simulation (b) experiment.(Time-span
is 214.2 ps for simulation and 200 ps for experiment).

The measured received electrical spectrum after photo-detection for the 16-QAM

half-cycle Nyquist SCM signal at 14-Gb/s, 28-Gb/s and 56-Gb/s is shown in Fig-

ure 4.28 (a), (c) and (e), respectively. The spectral width of the SCM signal is equal

to the symbol rate fs. The recovered constellation diagram for the 14-Gb/s, 28-

Gb/s and 56-Gb/s signals is shown in Figure 4.28 (b), (d) and (f), respectively. The

14-Gb/s and 28-Gb/s signals were bit error free with an EVM of 7.6% and 6.87%, re-

spectively. The 56-Gb/s signal on the other hand exhibited a BER floor at 6.83×10−6

with an EVM of 9.2%. This BER floor is present in part due to the combined effect of

the nonlinear response of the laser and its relative intensity noise. Also the presence

of the optical carrier which is inherit to the direct modulation process, reduces the

power allocated for the RF subcarrier, whilst offering no noise resilience [126].
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Figure 4.28: Measured 16-QAM half-cycle Nyquist SCM. (a) RF spectrum for 14-
Gb/s, (b) recovered constellation diagram for 14-Gb/s, (c) RF spectrum
for 28-Gb/s, (d) recovered constellation diagram for 28-Gb/s, (e) RF
spectrum for 56-Gb/s, (f) recovered constellation diagram for 56-Gb/s.
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4.4 Towards 112-Gb/s IM/DD Using a PFL

In this section we demonstrate a 112-Gb/s using dual polarization (DP) 16-QAM

half-cycle Nyquist SCM and a high bandwidth PFL. A 56-Gb/s signal was generated

using half cycle SCM with 16-QAM and Nyquist pulse shaping. The 14-GSym/s

16-QAM drive signal on a 7 GHz subcarrier was generated using a 28-GSa/s DAC.

By combining half-cycle SCM with a Nyquist pulse shape, a modulated optical signal

bandwidth of only 33 GHz was achieved for a directly modulated laser (without optical

filtering) and the required sampling rate of the DAC is minimized. Pre-amplified

direct detection and DSP-based demodulation provided a loss margin of 12.6 dB for

a 112-Gb/s DP signal. Transmission over 4 km of SMF is demonstrated with a penalty

of 2.9 dB in received optical power relative to the back-to-back performance. The

results in this section represent the first demonstration of half-cycle Nyquist-SCM,

and for a directly modulated laser, the highest bit rate that accommodates a 50 GHz

channel spacing, and the largest loss margin for a 112-Gb/s direct detection system.

The experimental set-up is shown in Figure 4.29. A programmable arbitrary

waveform generator which consists of a memory block interfaced to a Micram VEGA

DAC was used to generate the drive signal for the PFL with identical setting to the

experimental set-up shown in Figure 4.20. The PFL output signal was polarization

multiplexed using a PC, a polarization beam splitter (PBS), decorrelation of the two

signals, and a polarization beam combiner (PBC). The polarization multiplexed signal

was transmitted over 4 km of SMF. A VOA was used to adjust the ROP prior to a

pre-amplified receiver consisting of an EDFA and OBPF with 0.55 nm bandwidth. As

in [48], for the purpose of this demonstration a PC and a PBS were used to manually

demultiplex the two polarization signals. In practice, polarization demultiplexing can
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be automated using a low speed control signal [127]. A PIN photodiode was used

to detect each polarization independently. The photocurrent was amplified, digitized

by 80-GSa/s ADC using a real-time sampling oscilloscope with a 32 GHz bandwidth,

and stored for offline processing.

Figure 4.29: Experimental set-up for 112-Gb/s PFL transmission. Tx: transmit-
ter; DSP: digital signal processor; DAC: digital-to-analog converter; RF:
radio-frequency; DFB: distributed feedback laser; FB: feedback; PFL:
passive feedback laser; PC: polarization controller; PBS: polarization
beam splitter; PBC: polarization beam combiner; VOA: variable optical
attenuator; EDFA: erbium doped fiber amplifier; OBPF: optical band-
pass filter; ADC: analog-to-digital converter; Rx: receiver.
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The transmitter and receiver DSP were those depicted in Figure 4.22 and Fig-

ure 4.23, respectively, with m = 2. A total of 183,000 symbols were used in the offline

processing to obtain each BER and EVM result at a specific ROP. Results were ob-

tained for a back-to-back system and for transmission over 4 km of SMF without

dispersion compensation. The average transmitted optical power for the 112-Gb/s

dual-polarization (DP) signal was -3.7 dBm.

The normalized output optical spectrum after polarization multiplexing is shown

in Figure 4.30. The -30 dB bandwidth of the modulated signal is 33 GHz allowing for

a 50 GHz channel spacing. The spectrum exhibits a slight asymmetry due to the chirp

properties of the PFL. Constellation diagrams for the X and Y polarization signals

at a high ROP are shown in Figure 4.31 (a) and (b), respectively. The dependence

of the back-to-back BER on the received optical power for both single polarization

(56-Gb/s) and DP (112-Gb/s) signals is shown in Figure 4.32. The performance of

the 112-Gb/s signal after transmission over 4 km of SMF is also shown in Figure 4.32.
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Figure 4.30: Measured output optical spectrum for the 112-Gb/s DP 16-QAM half-
cycle Nyquist SCM (0.06 GHz resolution bandwidth).



CHAPTER 4. PASSIVE FEEDBACK LASER 162

Figure 4.31: Measured results for 112-Gb/s generation with a PFL at back-to-back.
(a) Received back-to-back X constellation diagram. (b) Received back-
to-back Y constellation diagram.

At a high ROP, the single polarization and DP signals exhibit a BER floor at

6.83 × 10−6 with an EVM of 9.2% and 5.73 × 10−5 with an average EVM of 10.8%,

respectively. At a BER = 3.8×10−3 the ROP is -20.3 dBm for the single polarization

signal and -16.3 dBm for the DP signal. The 112-Gb/s DP signal exhibits a 12.6 dB

loss margin while the excess penalty for polarization multiplexing is 1 dB.

The recovered constellation diagram for the 56-Gb/s signal at an ROP of -0.9 dBm

and -18.9 dBm is shown in Figures 4.33 (a) and (b), respectively. The EVM for the 56-

Gb/s signal at an ROP of -0.9 dBm and an ROP of -18.9 dBm was 9.2% and 14.33%,

respectively. The recovered constellation diagram for the X and Y polarization signals

of the 112-Gb/s DP signal at an ROP of -13.7 dBm is shown in Figures 4.34 (a) and

(b), respectively. The average EVM for the X and Y polarization signals at ROP =

-13.7 dBm was 13.44%.
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Figure 4.32: Dependence of BER on received optical power for single polarization 56-
Gb/s and dual polarization 112-Gb/s signals at back-to-back and after 4
km of SMF. The FEC limits for BER = 3.8×10−3 and BER = 1.0×10−3

are also shown.

Figure 4.33: Measured constellation diagram for 56-Gb/s generation with a PFL at
back-to-back with an ROP of (a) -0.9 dBm, (b) -18.9 dBm.
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Figure 4.34: Measured constellation diagram for 112-Gb/s generation with a signal
at back-to-back with an ROP of -13.7 dBm (a) X polarization signal,
(b) Y polarization signal.

The 112-Gb/s DP 16-QAM signal was transmitted over 4 km of SMF without

optical or electronic dispersion compensation. The BER at a ROP of -5.4 dBm is

9.38 × 10−4 with an EVM of 13.4%. At the FEC limit of BER = 3.8 × 10−3, the

dispersion penalty is 2.9 dB relative to back-to-back with a ROP of -13.4 dBm and

an 8 dB loss margin. At the FEC limit of BER = 1.0× 10−3, the dispersion penalty

is 8.6 dB relative to back-to-back with a ROP of -5.8 dBm and 0.4 dB loss margin.

The results indicate the importance of operating at a high FEC coding gain. For

the X polarization signal after 4 km, Figure 4.35 (a) shows the electrical spectrum of

the photocurrent after normalization and bandlimiting, and Figure 4.35(b) shows the

recovered constellation diagram with an EVM of 13.4%. The summary of the system

performance at the two FEC limits in reported in Table 4.1.
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Figure 4.35: Measured 112-Gb/s transmission after 4 km of SMF. (a) RF spectrum, (b) X constellation diagram.

Table 4.1: Measured performance of 16-QAM half-cycle Nyquist SCM.

Bit Rate (Distance) BER at High ROP ROP at BER = 1.0× 10−3 ROP at BER = 3.8× 10−3

56-Gb/s (0 km) 6.83× 10−6 -18.4 dBm -20.3 dBm

112-Gb/s (0 km) 5.73× 10−5 -14.4 dBm -16.3 dBm

112-Gb/s (4 km) 9.38× 10−4 -5.8 dBm -13.4 dBm
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4.5 Electronic Dispersion Post-Compensation

The transmission reach of a DML is limited by an inherent modulation of the optical

phase that accompanies the desired modulation of the optical intensity resulting in a

chromatic dispersion induced penalty. Electronic dispersion pre-compensation can be

performed at the transmitter with detailed knowledge of the DML rate equations for

OOK modulation as demonstrated in chapter 2. In the case of DMT, a time domain

cyclic prefix is added to the transmitted subcarriers to tolerate dispersion [51,52]. A

more adaptive solution is to perform electronic dispersion post-compensation at the

receiver, which can mitigate dispersion without pre-coding or prior knowledge of the

fiber length or characteristics. Electronic dispersion post-compensation techniques at

the receiver such as feed forward equalization [32], decision feedback equalization [33]

and maximum likelihood sequence estimation [34] for DML transmitters have been

mainly demonstrated for OOK modulation and are inherently limited due to the loss

of optical phase information under direct detection.

In this section, a novel electronic dispersion post-compensation algorithm is de-

scribed and experimentally demonstrated for short reach optical links employing a

DML as a transmitter with SCM and DSP enabled direct detection receiver. The pro-

posed algorithm utilizes the functional relationship between the DML output optical

power and chirp in deducing the received optical phase, which is normally lost under

direct detection. Subsequently, standard frequency domain equalization is performed

to mitigate the link dispersion.

The proposed algorithm is applied to single polarization 56-Gb/s and dual polar-

ization 112-Gb/s half-cycle Nyquist SCM signals transmitted using a directly modu-

lated PFL over 4 km of SMF. A 3 dB and 5 dB improvement in received optical power
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relative to the back-to-back performance is achieved for the 56-Gb/s and 112-Gb/s

signals at a BER of 1.0× 10−3, respectively.

4.5.1 Principle of Operation

The electrical field E(t) at the output of the directly modulated laser can be expressed

in terms of the output optical power P (t):

E(t)=
√
P (t) exp

(
j
βc
2

[
κ

∫ t

−∞
P (t′)dt′ + log [P (t)]

])
(4.2)

where βc is the linewidth enhancement factor and κ is the adiabatic chirp coefficient.

In the case of an adiabatic dominant directly modulated laser, the time variation of

the optical chirp is strongly correlated to the optical power P (t). This correlation is

still maintained even after propagation through a relatively short reach optical link.

As the received photocurrent after direct detection is proportional to the incident

optical power, an approximate reconstruction of the received electrical field E(t) can

be obtained using equation (4.2).

A simulated time domain trace of the optical power and chirp at the output of a

directly modulated laser using equation (4.2), when P (t) is designed for 56-Gb/s 16-

QAM half-cycle Nyquist SCM is shown in Figure 4.36 (a). In this simulation, βc = 1

and κ = 15 GHz/mW. The time domain trace of the power and chirp after transmis-

sion over 10 km of lossless and linear SMF with a dispersion parameter D = 16.75

ps/km/nm is shown in Figure 4.36 (b). Although the dispersion induced distortion to

the optical power appear after propagation through the fiber, the correlation between

the received optical power and chirp remains pronounced.
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Figure 4.36: Simulation of E(t) given by (4.2) propagating through 10 km of loss-
less and linear SMF with D = 16.75 ps/km/nm. P (t) is directly pro-
portional to a drive current designed for 56-Gb/s 16-QAM half-cycle
Nyquist SCM. (a) Power and chirp at back-to-back, (b) Power and chirp
after transmission.
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4.5.2 Experimental Results

The experimental set-up and transmitter DSP are identical to those illustrated in

Figure 4.29 and Figure 4.22, respectively. A 56-Gb/s 16-QAM half-cycle Nyquist

SCM signal was generated using a 28-GSa/s Micram DAC. Polarization multiplexing

emulation was performed before transmission over 4 km of SMF. The receiver DSP

utilized a dispersion post-compensation block as shown in Figure 4.37.

At the receiver, the digitized photocurrent at 80-GSa/s was normalized and ban-

dlimited to 28 GHz. The real-valued ADC samples were AC coupled and denoted

Ik. A DC offset Λ is added to each incoming sample (ensuring non-negative values)

before a square root operation to reconstruct the amplitude of the received signal

Ak. To reconstruct the optical phase samples Φk, a parameter χ is used to scale the

normalized samples Ik before a cumulative sum operation with one sample delay Ts

performing the integration in (4.2). The value of χ is directly proportional to the

PFL adiabatic chirp coefficient κ. The complex-valued electrical field is subsequently

calculated as Ak exp(jΦk) prior to a standard frequency domain compensation of dis-

persion [28]. The complex-valued output of the dispersion compensation is converted

to a real-valued sampled signal I
′

k through a modulus square operation.

The post-compensated digitized photocurrent was subsequently down-converted

and band-limited to 14 GHz using an anti-aliasing filter to produce separate I and Q

signals. A digital square and filter clock recovery algorithm was used after down sam-

pling from 5.71 samples/symbol to 2 samples/symbol. Equalization was performed

using a constant modulus algorithm (CMA) for pre-convergence followed by a radius

directed (RD) algorithm. The CMA employed 11-taps with a convergence parameter



CHAPTER 4. PASSIVE FEEDBACK LASER 170

µ = 1× 10−5 and 13 iterations [30]. The RD algorithm employed 11-taps with a con-

vergence parameter µ = 1× 10−5 and 20 iterations [123]. Carrier phase recovery was

performed using the blind phase search algorithm with a block length of 50 symbols

and 32 test phases [124]. Finally symbol to bit mapping, BER counting and EVM

calculation were performed. Results were obtained for a back-to-back system and for

transmission over 4 km of SMF.

Figure 4.37: Receiver DSP for half-cycle Nyquist-SCM with EDC.

A total of 183,000 symbols were used in the offline processing to obtain each BER

and EVM result. For the EDC results, Λ = 2 and χ = 0.47. The value of the DC
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offset Λ is not critical to the EDC process, while an appropriate choice of the scaling

factor χ is important. The dependence of the measured BER on the parameter χ for

the single polarization 56-Gb/s signal at ROP = -10.6 dBm is shown in Figure 4.38.

The measured BER without applying EDC is also shown. An optimum value of

χ = 0.47 improves the BER from 5.8 × 10−4 to 9.5 × 10−5. The dependence of the

measured BER on the ROP at back-to-back and after transmission over 4 km of SMF

without and with EDC for the single polarization 56-Gb/s and the dual-polarization

112-Gb/s signals is shown in Figure 4.39(a) and (b), respectively. The FEC coding

limits of BER = 3.8× 10−3 and BER = 1.0× 10−3 are indicated.

Figure 4.38: Dependence of the measured BER on χ for single polarization 56-Gb/s
at ROP = -10.6 dBm.

In Figure 4.39, the proposed EDC algorithm offers a 1 dB and 0.6 dB improve-

ment in the ROP relative to back-to-back performance for the 56-Gb/s and 112-Gb/s

signals at a BER of 3.8 × 10−3, respectively. An improvement of 3 dB and 5 dB in

the ROP relative to back-to-back performance for the 56-Gb/s and 112-Gb/s signals
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is exhibited at a BER of 1.0×10−3, respectively. The proposed EDC algorithm effec-

tively reduces the BER floor, while offering modest improvement in performance at

lower ROP as the estimate of the received optical amplitude and phase is impaired

by the noise present in the digitized photocurrent. The recovered constellation dia-

grams at ROP = -3.1 dBm for the 56-Gb/s signal without and with EDC are shown

in Figure 4.40(a) and (b), respectively. The EDC algorithm improves the BER from

4.1× 10−4 to 2.4× 10−5 and EVM from 11.7% to 10.3%.

For the dual polarization 112-Gb/s signal the constellation diagram for recovered

X polarization signal without and with EDC at ROP = -5.4 dBm is shown in Fig-

ure 4.41(a) and (b), respectively. The EDC algorithm improves the average BER

from 9.3× 10−4 to 1.8× 10−4 and the average EVM from 13.4% to 11.0%.
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Figure 4.39: Dependence of the measured BER on received optical power for single
polarization 56-Gb/s and dual polarization 112-Gb/s signals at back-to-
back and after 4 km of SMF without and with EDC. The FEC limits of
BER = 3.8× 10−3 and BER = 1.0× 10−3 are also shown.
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Figure 4.40: Measured 56-Gb/s transmission with a PFL at after 4 km of SMF at
ROP = -3.1 dBm (a) without EDC, (b) with EDC.

Figure 4.41: Measured 112-Gb/s transmission with a PFL at after 4 km of SMF at
ROP = -5.4 dBm (a) without EDC, (b) with EDC.
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4.6 Summary

In this chapter, we utilized the large modulation bandwidth and fine chirp tuning ca-

pabilities of a PFL in generating DSPK signals at 10.709-Gb/s, 14-Gb/s and 16-Gb/s.

The DPSK signal was subsequently recovered using either noncoherent detection at

a bit rate of 10.709-Gb/s or coherent detection with DSP involving a LUT pattern

dependent distortion compensator. Transmission over 100 km of SMF was achieved

with a 49 dB loss margin.

The generation, detection and transmission of a 112-Gb/s dual polarization 16-

QAM signal with a bandwidth of 33 GHz were experimentally demonstrated for short

reach IM/DD WDM systems. This achievement was enabled by the first demonstra-

tion of half-cycle Nyquist-SCM with a high bandwidth directly modulated PFL.

A novel EDC algorithm was described and experimentally demonstrated for short

reach optical links employing a directly modulated PFL based transmitter with SCM

and DSP enabled direct detection receiver. The proposed algorithm was applied

to a single polarization 56-Gb/s and dual polarization 112-Gb/s 16-QAM half-cycle

Nyquist SCM signal transmitted over 4 km of SMF. A 3 dB and 5 dB improvement in

ROP relative to back-to-back performance was achieved for the 56-Gb/s and 112-Gb/s

signals at a BER of 1.0× 10−3, respectively.



Chapter 5

Conclusions and Future Work

5.1 Conclusions

Electronic signal processing combined with directly modulated transmitters and di-

rect detection receivers is a key enabling technology for next generation short reach,

access, metro and regional optical fiber communication systems. The primary objec-

tive of this research was to leverage technology developed for long-haul systems at a

substantially lower cost for moderate reach systems by replacing an external modula-

tor with a DML and a coherent receiver with a simple direct detection receiver. A 25

fold increase in the transmission reach of a 2.5-Gb/s DML operating at 10.709-Gb/s

from 10 km to 252 km was achieved using DSP and a 21.418-GSa/s DAC. Using a

similar configuration for a CML a remarkable increase in the achievable transmission

reach from 200 km to 608 km was obtained.

In the context of access networks, the DSP and single DAC configuration was

utilized in driving a PFL to generate NRZ-DPSK signals at a bit rate of 10.709-

Gb/s, 14-Gb/s and 16-Gb/s. The quality of the DPSK signals was assessed using

176
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both noncoherent detection for a bit rate of 10.709-Gb/s and coherent detection with

DSP involving a LUT pattern-dependent distortion compensator. Transmission over

a passive link consisting of 100 km of SMF at a bit rate of 10.709-Gb/s was achieved

with a loss margin of 49 dB and electronic dispersion post-compensation in a DSP

enabled coherent receiver. These results demonstrate a low cost transmitter with

large splitting factor and improved receiver sensitivity.

In the context of very short reach applications, a 56-Gb/s 16-QAM signal was gen-

erated using RF SCM with a subcarrier frequency of half the symbol rate, Nyquist

pulse shaping at the transmitter and a directly modulated PFL. Using polarization

multiplexing emulation, a total bit rate of 112-Gb/s was demonstrated within a 33

GHz optical bandwidth at back-to-back and after transmission over 4 km of SMF.

This achievement was enabled by the first demonstration of half-cycle Nyquist-SCM

with a high bandwidth directly modulated PFL. Furthermore, a novel electronic dis-

persion post-compensation algorithm was described and experimentally demonstrated

for short reach optical links employing a DML based transmitter with SCM and DSP

enabled direct detection receiver. The proposed EDC algorithm utilized the func-

tional relationship between the DML output optical power and chirp in deducing the

received optical phase, which is normally lost under direct detection, allowing for

standard frequency domain equalization of link dispersion.

5.2 Future Work

• Sensitivity analysis of EDC with a DML/CML: the sensitivity of the rate

equation parameters on the LUT based electronic dispersion pre-compensation should

be fully investigated. This includes sensitivity to temperature changes and variations
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of the laser properties over the lifetime of the device. In simulation, the performance

of the EDC scheme would be evaluated while perturbing the different rate equation

parameters. An accelerated aging experiment would be required to determine the

long-term variations in the rate equation parameter values.

• Enabling 112-Gb/s using a single PFL: in this approach a broadband RF mixer

would be used to generate two adjacent half-cycle Nyquist-SCM RF subcarriers. The

resulting RF spectrum would occupy a bandwidth of 28-GHz, which can be accom-

modated by the PFL modulation bandwidth. This dual RF subcarrier solution would

eliminate the need for two wavelength matched PFLs and polarization multiplexing.

• Enabling (0 km-80 km) 112-Gb/s using 4× 28−Gb/s CML: the LUT based

electronic EDC scheme would be used with a 28-Gb/s CML. To produce a dispersion

tolerant pulse shape which offers error free operation from 0 km to 80 km, multi-

point optimization along the link would be necessary. In a multi-point optimization

scheme, the objective function for the EDC optimization would be the weighted sum

of log10 (BER) at 0 km, 40 km, and 80 km.
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