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Abstract

Nowadays, with the dramatically growing bandwiddguirement of Internet, the number of
wavelength division multiplexing (WDM) channels thie optical fiber communication systems
is increasing rapidly. Hence, optical transmitterth cost effectiveness, high power efficiency,
and excellent transmission performance are negedsapecially, for access and metropolitan
applications, simple configuration is the esserfaator. The conventional optical transmitter is
composed of a laser as continuous-wave (CW) saamdeone or more external modulators for
modulation. However, the high insertion loss, ladyeing voltage, and extra cost of external

modulator make it relatively bulky and power-hungry

Chirp managed laser (CML), comprising a directlyduated semiconductor laser (DML)
and a passive optical filter, is an alternativenpiing transmitter candidate. It has the merits of
smaller device size, lower cost, less power consiempand higher fiber chromatic dispersion
(CD) tolerance, compared with that based on extemmadulator. In this thesis, we have
investigated several novel applications of CML ptical fiber communication systems, taking
advantage of its unique phase modulating and speeshaping properties. These topics include
optical return-to-zero (RZ) pulses generation us@igL, M-ary RZ differential phase-shift-
keying (RZ-DPSK) signals generation using CML, amhanced CD tolerance of CML with
pre-emphasis. These CML-based designs consume ¢overpfor less electrical pre-coding,

require reduced or no external modulator, and shoable transmission performances.

Optical RZ pulses generation using CML:RZ pulses have been widely used in optical
fiber communication systems together with on-offikg (OOK) and DPSK modulation formats,



for its high robustness towards inter symbol ir@e¥hce (ISI) and nonlinear distortions. In this
thesis, we propose and experimentally demonsthetéeichnique of 10-Gb/s optical RZ pulses
generation using CML. No external modulator is ug@dpulse carving. The frequency of the
sinusoidal driving signal is half the output RZ gmilrate. 70-km and 50-km error-free SSMF
transmissions have been achieved for the 10-Gli¥s-@BRy-cycle and 67%-duty-cycle CML-
RZ-pulses based RZ-DPSK signals, respectively.r_ate extend to demonstrate the scheme of
20-Gb/s RZ pulses generation using CML driven a¢-fmurth the output pulse rate and

investigate the transmission performance of th&bfs CML-RZ-pulses based RZ-OOK signal.

M-ary RZ-DPSK signals generation using CML M-ary RZ-DPSK is an attractive
modulation format in optical fiber long-haul transsion systems, due to the advantages of high
receiver sensitivity, increased spectral efficien@nd strong robustness against fiber
nonlinearities. In this thesis, we propose and erpmtally demonstrate the techniques of RZ-
DPSK, %-RZ-DQPSK, and RZ-DQPSK signals generatisingiCML. First, we generate the
10-Gb/s RZ-DPSK signal using CML and pulse carVerdoes not require any differential
encoder or phase modulator (PM). The CML-based RB signal shows 3-dB higher receiver
sensitivity after 70-km SSMF transmission withouspgrsion compensation and comparable
nonlinear tolerance performance, compared with gesterated by PM. Next, this proposal is
generalized to generate the 10-Gbaud RZ-DQPSK Isigiitag CML and pulse carver. Compared
with the complex pre-coding required for the MZMsbd RZ-DQPSK transmitter, only a simple
exclusive-or (XOR) encoder is needed for that base@ML. Later, we demonstrate the scheme
of 10-Gbaud %-RZ-DQPSK signal generation usinglsi@ML, without the need for external
pulse carver. In this new signal format, the symbwith a differential phase shift of 0 remain

non-return-to-zero (NRZ), while those with diffetiah phase shifts of 0 =, and 1.5 are RZ.



Error-free transmission is realized over 60-km SSM#hout optical signal-noise-ratio (OSNR)
penalty. Finally, we demonstrate the technique @7Q29-Gbaud RZ-DQPSK signal generation
using single CML, without the need for differenteaicoder, external modulator, or pulse carver.
The full RZ-shape is orientated from the combintielct of the designated driving signal and the
narrow-bandwidth filter in CML. It realizes 40-kn8SIF transmission at bit-error-rate (BER) of

10°,

Enhanced CD tolerance of CML with pre-emphasisfor optical access and metropolitan
networks, CML is a promising transmitter for itswlocost, compact footprint, low power
consumption, and high CD tolerance. In this theses,propose and experimentally realize the
10-Gb/s 300-km SSMF transmission at BER of 18ing CML with a simple and passive pre-
emphasis driver. The 10-Gb/s standard CML signtiaut pre-emphasis can only be transmitted
up to 220 km, in comparison. No expensive optigghersion compensation module (DCM) or
power-hungry electronic dispersion compensation GEBechnique is used. Later, we further
demonstrate the 20-Gb/s 100-km SSMF transmissioBER of 10°, using CML with pre-

emphasis.
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Chapter 1  Introduction

1.1 Optical fiber communication systems

Communication is the basic need of human beingerywe wants to deliver emotion,

viewpoint and information to others and gets respoiit makes us connected. This instinct of
human beings has given birth to many kinds of greatmunication inventions such as language,
letter, and telegraph. Optical fiber communicattenhnique is one of the most shining stars

among them. We will review its origin and developri@ this section.

1.1.10rigin

The light used for communication can be traced Hacthe beacon towers on the Great Wall,
which were applied specifically for transmittinglairy information about two thousand years
ago. The whole system had already contained thie bptical transmission concepts including
fire and smoke as transmitter, “on and off” as aldarmat, atmosphere as transmission medium,

tower as repeater, and human eye as receiver.

Nevertheless, light was not considered as an effidiool to transfer massive information,
until in 1960s Dr. A. Javan introduced the firstagty helium-neon laser to convert electrical
energy to laser light output and Dr. K. Kao disaagethat the huge light loss in glass arose from
the impurities in material which could be removdtheir innovative demonstrations were

recognized as the two essential milestones fordtheslopment of fiber optic communication



systems. With their work kept as a reference, rekeactivities expanded and a new industry
was born, leading to the production of the mostaaded cabling solutions that are in use today

as a commodity [1].

To this day, optical fiber transmission systemsehlagen deployed widely around the world
to take the place of copper wire communicationstiieradvantages of higher bandwidth, lower
cost, longer spanning distance, and so on. They mavolutionized the telecommunication
industry with the efforts of numerous scientistsl angineers and brought people into the
Information Age. They are greatly promoting the aalve of human civilization by changing the
state of economy, military, and politics in sociddpwever, the whole evolution process of fiber
optical communication systems is not always plaifirg), with the unprecedented information

capacity as a double-edged sword.

1.1.2System capacity and traffic demand

In 1970, Corning Corporation developed the optidag¢r successfully with attenuation of 20
dB/km, low enough for communication purpose. Meaitaytlihe compact GaAs semiconductor
laser was developed and therefore suitable forstnéting light through optical fiber to long
distance. These achievements paved the way foropeeation of commercial optical fiber

transmission systems.

After a period of research starting around 197% finst generation of optical fiber
communication system was developed and operaté atavelength of 0.8m and the bit rate

of 45 Mb/s, with the repeater spacing of 10 km B}.1987, the second generation commercial
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lightwave system was built up on the single moterf(SMF) and operated in the wavelength
region near 1.3um, where the fiber loss was below 1 dB/km and etdibthe minimum
dispersion. It could support the bit rate of 1.7/<Génd the repeater spacing of 50 km. In 1990,
the technology development made the third generatfocommercially available fiber optic
communication system to be operated at the dateofe2.5 Gb/s and the wavelength of jur8,
where the fiber loss is minimum, with the repeafgaicing in excess of 100 km. Until that time,
the fiber optic techniques showed a steady devetopaind brought a slow increase of bit rate in

the single channel.

However, the use of wavelength division multiplexit(WDM) technique enabled the
capacity of the fourth generation lightwave systemexpand rapidly, increasing from a few
gigabits per second to several terabits per serpfh€90s. Fig. 1.1 shows the capacity of optical
fiber communication systems and the total netwoakfic in North America by year over the
period from 1985 through 2008 and some forecastitfn 2020 [3]. The points on the figure
are the total capacities of a single optical fitmerboth the commercial systems and the research
demonstrations. The black square points representapacity of time division multiplexing
(TDM) technology in the laboratory. The purple d@d points represent the capacity of TDM
technology in the market. The red round pointses@nt the capacity of WDM technology in the
laboratory. The blue triangular points represertdapacity of WDM technology in the market.
The solid brown line extrapolates the commerciatesy capacity in a single optical fiber using
the progress rate of research system. The soliengliee denotes the total North American
network traffic. The latest forecasted global Intgrtraffic in 2013 is 21.4 Tb/s and will grow

twofold by 2017, to reach 46.5 Th/s [4].
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Fig. 1.1 Capacity of optical fiber communicatiorstgms and total North American network traffic lpay[3]

There was an initial fast increment of capacity dimgle channel TDM laboratory
demonstrations. It began to saturate when the aptigstem speed became limited by the
bottleneck of electronic components. In 1993, amo#harp rise in capacity appeared with the
application of WDM enabled by optical amplifierssgkersion management technology, and gain
equalization approach. It started a revolution tleatlted in doubling the system capacity every
half year or so. When the C band wavelength windbw.53-1.57um was nearly filled with
multiple channels in 1996, the first 1 Th/s expemts were reported [5]-[6]. The present highest

field capacity is 54.2 Th/s, with a spectral effiaty of 6.6 b/s/Hz, by tightly packing the optical

channels in C band and L band [7].

By 2000, the dramatic increase in the system capdwiought by the technological

revolutions attracted a lot of investments fromiaas vendors, which strongly stimulated the
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network service providers to lay down large scdldileer infrastructure. However, a severe
market shrink and a significant investment dimiontito build new system happened in the
following years. The optical fiber communicatiordustry slid from prosperity to depression.
There are many interpretations for this bubble tbatsthe beginning of millennium. The
imbalance between system capacity supply and ardémand should be the main reason. It is
clearly shown in Fig. 1.1 that the capacity of &nfgoer commercial system exceeded the total
network traffic in 2000. It means that a systemldmarry the whole network traffic on one link.
Then the need for the network service providerddploy additional new systems disappeared.

Actually, even for now, there is no light runnimgpart of fiber systems laid during that decade.

This lesson tells the related scientists, enginerstomers, and network service providers
that the optical fiber communication industry alslbows the universal economic law of market,
though its underlying techniques are fantastic amdzing. The traffic demand of human beings
promotes the birth and development of optical fil@nmunication techniques. At the same time,
the expansion of system capacity enabled by ligltw@chniques supports human beings to
pursue more plentiful information applications. Gmared with the continuously enhancing
speed of traffic demand, the technologies sometimege faster or slower, but they will be in

the dynamic equilibrium in the long run.

At present, 13 years have passed after the bubloigt In the optical communication
industry. The fiber optic market is gradually reeaag with numerous unexampled Internet
applications and intelligent electronic devices luding Internet social network, video
conference, real-time interactive game, smart phtmee-dimensional television, and others.

These emerging services steer and greatly boodtdfie need of human beings. In 2013, the



forecasted global Internet traffic [4] is approaxhthe reported highest field capacity [7]. In the
near future, when the old lightwave systems atedfiup with the data streams, the network
service providers have to choose whether to depldya new systems or add more WDM
channels with narrower grid and extended band. iflseeasing cost for infrastructure and
consequently higher price for Internet service el off or even depress the demand for data
traffic, whatever the choice is. Also, the addestasymns and channels will consume huge power.
Thus, though the high capacity and reliable trassion performance are the primary goals for
the design of next generation of optical fiber camination system, the footprint, cost, and

power consumption for each bit are sensitive arubmant parameters to be considered.

1.2 Transmission impairments and mitigation

Various impairments of fiber can bring serious sigdegradation and significantly limit the
performance of photonic system, when the desigmerdvike to improve the total capacity and
transmission distance. We will briefly present sal/&ey impairments in standard single mode
fiber (SSMF), including chromatic dispersion (CIpplarization mode dispersion (PMD), and
nonlinearity. Conceptually, they could be classifés linear or nonlinear effects. Besides fiber, a
lot of noises will be produced when the opticahsigs generated, amplified and detected in the
fiber optic transmission system. These noisesaislb induce impairments to the transmit signal.
Several main optical and electrical impairment-gation techniques are also described, among

which advanced modulation formats play a key role.



1.2.1Chromatic dispersion

CD is a serious issue when the optical link is afest at 10 Gb/s and beyond. The underlying
physical phenomenon of CD is that the group veyoagisociated with the fundamental mode is
frequency dependent. This means that differentufsaqy components of an optical pulse travel

at different velocities, leading to the spreadih¢ghe pulse [8].

The field distribution of the fundamental fiber neodan be approximated by a Gaussian
distribution [2]. Different spectral components arfi optical pulse propagate inside the fiber

according to a simple relation of

i (w-w)?Baz

A(z,w) = A0, w)e” =2 (1.1)

Where A(z,«)and A(0,«) are the spectral amplitudes of the optical outmak iaput signalswo
is the carrier’'s central frequendgss is the group velocity dispersion (GVD) coefficiemthich
determines how much an optical pulse would broamlepropagation inside the fiber.is the
transmission fiber distance. CD is commonly chadoeéd by the dispersion paramelzs-2
7cBali? expressed in units of ps/(km-nm).The extent oé@uiroadening due to CD with a fiber

lengthL is governed by
AT = DLAA (1.2)

where A1 represents the wavelength width of the pulse. diepersed pulses broaden into the
adjacent bits, causing errors at the receiver. dffext of dispersion on the bit raBcan be

estimated by using the criterion of

B|D|LAZ < 1 (1.3)
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Several optical techniques have been proposed tageaCD. The use of lasers in the
wavelength region around 1310 nm can minimize tie Bowever, the current fiber optic
transmission systems prefer to employ lasers i 1%% region, where the fiber attenuation
reaches a minimum. Dispersion compensating fibeEKDis an all-optical and fiber-based
scheme to compensate CD [9]-[10]. Compared with BSiMhas an opposite slope of delay
versus wavelength curves at 1550 nm. Accurate heaf§tDCF must be chosen to completely

compensate fiber GVD. Since the GVD affects theacaptsignal through the spectral phase

i (w-wg)?Brz

ofe 2 , an optical filter which has similar but reversantsfer function can also partially
restore the original signal [11]. Generally, optidéspersion compensation (ODC) techniques

will bring extra insertion loss and cost to theefiltink.

Electronic pre-distortion at the transmitter angtpgpompensation at the receiver are other
more adaptive methods for CD compensation in etedtdomain. Electronic pre-distortion
technigue requires the precise knowledge of thestréiter and fiber link. Together with the
feedback information from the receiver, it couldcatate and generate the pre-distorted real and

imaginary parts of the optical signal to remove GWY multiplying the desired received signal

—i (w-wg)? B2z

spectrum and spectral phase 2z [12]. Electronic post-compensation techniques aagh
feedforward equalization (FFE), decision feedbagpkadization (DFE), and maximum likelihood
sequence estimation (MLSE) can increase the CDatode by a factor of two or so in direct
detection system [13]. Since coherent detectionretrieve both the optical intensity and phase
information of the received signal, the followinfg@ronic dispersion compensation (EDC) is
able to greatly mitigate the accumulated CD inltmg haul transmission link [14]. However,
EDC techniques typically depend on fast digitaihsigprocessing (DSP) technology and will

8



increase power consumption heavily.

Generation of advanced modulation formats at thesmitter is another attractive way to
enhance the CD tolerance. Optical duobinary sigiidl special phase relation between bits and
more compact spectrum had realized 252-km uncorapethsSSMF transmission at 10 Gb/s,
leading to a reach improvement by a factor of 3ngared with the conventional non-return-to-
zero (NRZ) on-off-keying (OOK) signal [15]-[16]. gl spectral-efficient modulation formats
including differential quadrature phase-shift-keyilDQPSK) and quadrature amplitude
modulation (QAM) had demonstrated increased totmdn CD due to the reduced symbol rate
[17]-[18]. The main drawback of these advanced ntaichn formats is the enhanced complexity
of transceiver. Complicated electronic pre-coderd more external modulators are required at
the transmitter, imposing heavy burden of cost@maler on the system. Moreover, self-coherent
or local-oscillator (LO) based coherent detectismecessary at the receiver for DQPSK and

QAM signals.

1.2.2Polarization mode dispersion

Fiber birefringence is another potential sourcetuce pulse broadening. Small departures from
perfect cylindrical symmetry lead to birefringertmecause of different mode indices associated
with the orthogonally polarized components of thedamental fiber mode. If the input pulse

excites both polarization components, it becomesader as the two components disperse along
the fiber because of their different group vel@&stiThis phenomenon is called PMD [2]. One of
the intrinsic causes of PMD is due to the asymmefryhe fiber core. The other causes are

derived from fiber deformation, including stres9lgd on the fiber, fiber aging, variation of
9



temperature over time, or effects from a vibrasomrce. These processes randomly result in the

dynamic of PMD [8].

The polarization state of light propagating in fibevith randomly varying birefringence
would change stochastically along the fiber dugpngpagation. The polarization state will also
be unequal for different spectral components ofdpecal pulse. Since the statistical nature of
PMD, it is complex to build up the analytical modéifter averaging over random birefringence
changes, the approximated differential group d€@§D) between two principal orthogonal

states of polarization (PSPs) is characterized by
or = DyVL (1.4)

wheregy is the root-mean-square (RMS) value of D@I).is the PMD parameter measured in

ps/Vkm. L is the fiber length. PMD induces relatively smalfmilse broadening than CD.
However, it will become a serious issue and lingtifactor for ultra-long haul optical

transmission at 10-Gb/s or higher bit rate.

Several optical and electronic adaptive technighese been developed for PDM
compensation. A delay line can be used for an ap®MD compensator [19]. The PMD-
distorted signal is separated into two waveformsanmed along the two PSPs using a
polarization controller (PC) followed by a polatiba beam splitter. The two components are
combined after removing their delay through a \@eadelay line in one branch. Electronic
compensation methods including FFE, DFE and MLSE e#so help to mitigate PMD
distortions [20]-[21].A single PMD compensator cannot be used for all W€idnnels. Rather,

a separate PMD compensator is required for eachnehaThis problem makes these PMD
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compensation techniques expensive for WDM systdm [2

From the modulation format point of view, we carabe signals robust to PMD. Return-
to-zero (RZ) pulses based OOK signals show sup&MD tolerance than those using NRZ
format [22]. The main reason is that the energyoisfined in the center of each bit-slot in the RZ
case and that more DGD is required before the grleaks out of the bit-slot to result in inter
symbol interference (ISI). Under reasonable coaddj the RZ pulses with shorter duty cycle
(the ratio of full-width at half maximum to bit datfon) have better performance [23]. Studies
further demonstrated differential binary phasetdtefying (DBPSK, or simply DPSK) signals
always have smaller PMD penalties than OOK sigwéls the same duty cycle. Especially, RZ-
DPSK signals with duty cycles of 33% and 67% penftaetter than that with duty cycle of 50%
[24]. The 67%-duty-cycle RZ pulse is also namedcasier-suppressed RZ (CSRZ) pulse.
Similar to CD compensation, advanced multilevehfats such as DQPSK, characterized by a
larger number of bits per-symbol at lower symbdEeyashow narrower optical spectrum and

higher PMD robustness with respect to binary mddhraat the same bit rate [25].

1.2.3Nonlinearity

The response of any dielectric to light becomedinear for intense electromagnetic fields, and
optical fiber is no exception. On a fundamentaklethe origin of non-linear response is related
to aharmonic motion of bound electrons under tHeience of an applied field [26]. Fiber

nonlinearities are classified by two categorieseteling on whether there is energy exchange

between the electromagnetic field and the dieleaedium.
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The first one originates from the third-order sysi®lity without energy exchange
between the electromagnetic field and the dielectredium. The third-order susceptibility is
responsible for phenomena such as third-harmomergéion, four-wave mixing (FWM), and
nonlinear refraction. If the phase matching cowoditis achieved, the third-harmonic generation
and FWM will generate new frequency components. fitvdinear effects including self-phase
modulation (SPM) and cross-phase modulation (XP#1)nduced by nonlinear refraction, a
phenomenon referring to the intensity dependendbkeofefractive index. SPM refers to the self-
induced phase shift experienced by an optical fidlading propagation. XPM means the
nonlinear phase shift of an optical field induceg dnother one with different wavelength,
direction, or polarization state. Both SPM and Xefects will lead to the spectral broadening

of propagating optical pulses.

The second one results from stimulated inelastattesng in which the optical field
transfers part of its energy to the nonlinear mediincluding stimulated Raman scattering (SRS)
and stimulated Brillouin scattering (SBS). SRS tramsfer a small fraction of power from one
optical field to another field, whose frequencyd®wvnshifted by an amount determined by the
vibrational modes of the optical fiber. SBS is dm@wtnonlinear process that can occur in optical
fibers at input power levels much lower than thoseded for SRS. The downshifted wave
propagates backward for SBS, in contrast to SR$ ¢ha occur in both directions. Their
differences stem from a fundamental distinctivejclvhis acoustical phonons participate in SBS

whereas optical phonons are involved in SRS.

These nonlinear effects in fiber can be benefigciaBed for optical amplifiers, lasers, all-

optical regenerators, and wavelength convertersvader, FWM will generate new frequency
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components, inducing crosstalk to WDM system. SPM &PM will broaden spectrum,
creating signal distortion and increasing CD penaBBS and SRS will induce power
transferring, limiting the input signal power toetliber. Specifically, if the number of WDM
channels is increased or the channel spacing iee@sed to improve the fiber capacity, the

nonlinear penalties will be higher.

There are several methods to mitigate nonlinedgodisns. Optical techniques of managing
fiber dispersion [27]-[29], polarization interleag [30]-[31], optical phase conjugation [32]-
[33], and nonlinear post processing [34]-[35] h&een investigated to reduce nonlinear effects.
Digital post compensation [36] and digital backwambpagation [37] are the other useful
electrical ways to remove nonlinear impairmentggetber with coherent detection to access the
complete electric field of signal. In respect of dutation techniques, DPSK signal exhibits
constant power flow, diminishing nonlinear effe[88]-[40]. Alternate-mark inversion (AMI) is
another kind of nonlinearity tolerant signal fornpt]. Furthermore, RZ pulse shape, particular
for CSRZ, with less optical peak power, shows higbbustness towards nonlinearity than NRZ
[42]-[44]. Therefore, RZ-DPSK, RZ-DQPSK, and RZ-ANktlodulation formats are always used
to enhance the fiber nonlinearity tolerance of WBBWstem, together with other optical and

electrical compensation techniques.

1.2.4Noise

In addition to the impairments from fiber, theree amany noise sources in the optical
transmission system. The noises basically origifaben the transmitter containing laser

intensity and phase noises, the optical amplifieluced amplified spontaneous emission (ASE)
13



noise, and two kinds of noises at the receiver asag@ of shot noise and thermal noise.

The optical amplifier such as erbium-doped fibemphier (EDFA) degrades the optical
signal-to-noise ratio (OSNR) of the amplified sighacause of spontaneous emission that adds
noise to the signal during its amplification [2]hd spectral density of ASE noise is nearly

constant (white noise) and expressed by
Sep () = (G — Dnghv (1.5)

wherev is the optical frequency: is the gainng, is the spontaneous-emission factois the

Planck constant. The beating of ASE with the sigmatluces noise current at the receiver.

The shot noise and thermal noise are the two fuedéhnoise mechanisms responsible for
current fluctuations in all optical receivers ewenen the incident optical power is constant [2].
Shot noise is a manifestation of the fact thatlaotec current consists of a stream of electrons
that are generated at random times. It has itsnoiigthe particle nature of electrons. Thermal
noise is due to the electrons moving randomly iy @nductor at a finite temperature. Random
thermal motion of electrons in a resistor manifests fluctuating current even in the absence of
an applied voltage. The load resistor in the fiemd of an optical receiver adds such fluctuations

to the current generated by the photo-detector.(PD)

The various noises will corrupt the signal receiwsd degrade the OSNR. The OSNR
determines the receiver sensitivity defined asrtii@mum average optical power required to
realize a fixed bit-error-rate (BER). Signal formailay an important role in the OSNR and
receiver sensitivity requirements of the noisededi transmission system. The RZ formats in
general require 1-3 dB less OSNR for identical BEB&n the NRZ equivalents, due to the
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reduced ISI impact [45]-[46]. OSNR requirement d¢@nsignificantly reduced when DPSK is
used. The receiver sensitivity improvement of DR&84&r OOK is around 3 dB. Therefore, RZ-
DPSK is the most sensitive modulation format knawday [47]. DQPSK requires 1-1.5 dB

higher OSNR than DPSK at BER of 3@lue to the more closed constellation space [48].

1.3 Modulation techniques

Since advanced modulation formats such as optigapttses, duobinary, AMI, RZ-DPSK and
RZ-DQPSK provide a lot of benefits to reduce tHeefiimpairments and noise distortions in
optical fiber transmission systems, we will revidwveir generation using traditional transmitter

and detection in this section.

1.3.1Transmitters

In SSMF, there are three physical attributes incapfield that can be used to carry information,
comprising intensity, phase, and polarization. Adegree of freedom, orthogonal polarization
multiplexing is able to double the system capacityth the advent of coherent receiver.
However, due to random polarization change of fipetarization shift keying (Pol-SK) format

is rarely used. But modulation formats using intignand phase to encode information are
popular. To convert the electronic data onto ligigtical transmitters using directly modulated
laser (DML), electro-absorption modulator (EAM), &feZehnder modulator (MZM) are

necessary components.
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Direct modulation of distributed-feedback (DFB) distributed-Bragg-reflector (DBR)
semiconductor laser is the simplest way to impaderination on optical carrier. The laser
driving current is modulated with the data, gerietathe intensity modulated binary OOK signal,
as shown in Fig. 1.2. Usually, the bias is set earthreshold for large extinction ratio (ER).
DML is compact, cost-effective, power-efficient,dasuitable for dense integration in small form
factor pluggable (XFP) transponder. The modulaspeed of DML can reach 40 Gij49]. The
main problem of DML operating at high speed forgarach transmission is that two kinds of
residual chirp will broaden the signal spectrum armmlease CD distortion. Chirp which occurs
at bit transitions is known as transient chirp, letghirp that causes mark bits to blue-shift
relative to space bits is referred to as adiabztip. Transient chirp makes the leading edge of
the pulse to advance over the main body, and atitatdairp induces signal compression [50].
The SSMF transmission distance of 10-Gb/s DML digwaisually less than 10 km. Besides,
there is rare experimental report on DML to gereethe above mentioned advanced modulation

formats, since its intensity and phase modulatiogrties are not easy to be decoupled.
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Fig. 1.2 Transmission function of DML
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EAM makes use of the Franz-Keldysh effect, accaydio which the band-gap of a
semiconductor decreases when an electric fieldp@ied across it [2]. Thus, a transparent
semiconductor layer begins to absorb light whenb#ésid-gap is reduced electronically by
applying an external voltage. The typical atteraratcharacteristic of EAM as a function of
driving voltage is shown in Fig. 1.3 [51]. The EA®An exhibit a modulation speed of 80 Gb/s
[52]. An advantage of EAM is that it is made of @me semiconductor material that is used for
laser, and thus the two can be easily integratethersame chip to form the electro-absorption
modulated laser (EML). However, it will also gerteraome residual chirp like DML. The fiber-
to-fiber insertion loss of EAM is about 10 dB. Ttypical output power of EML is around O
dBm. More important, it has wavelength-dependersiogltion characteristic, which makes it

hard to cover all WDM wavelengths with good perfarmoe.

T A

T 0 ~—

o B

®-10 |

c

S

= .20 |

c |

g >
b 0 -2 -3

Applied voltage (V)

Fig. 1.3 Attenuation characteristic of EAM [51]

MZM works by the principle of interference, contenl by modulating the optical phase
[48]. The transmission function and modulator suite are shown in Fig. 1.4. The incoming
light is split into two paths by an input coupl8oth paths are equipped with phase modulators

(PMs) that let the two optical fields acquire sopiease difference relative to each other,
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controlled by the applied phase modulation voltagesmndV,. Finally, the two fields interfere at
an output coupler. Depending on the applied eldtrvoltage, the interference varies from

destructive to constructive, thereby producingittiensity modulation.

A Power transmission (%)

100 =

Voltage difference AV

Fig. 1.4 Transmission function and structure of M\8]

The optical field transfer functiof; (V;,V,) of the MZM is governed by

Ty (Vi, V) = S {e"00) 4 e 02)+iv )

(S )+ W)+ ) _
S cos [M _ E] (1.6)

=e 2
2

whereg (V;) and¢(V,) are the voltage-modulated optical phases of tleMZM arms, andp

is an additional, temporally constant phase shittne of the arms, referred to as the modulator
bias. Since the phase modulation depends linearth® driving voltage for most materials used
for MZM such as LiNb@, its power transfer function depends only on thimly voltage
difference between the two arg. The driving voltage required to change the plifference
between the two arms hy thereby letting MZM switch from full transmissidoa full extinction,

is called switching voltag¥,. If MZM is symmetrically driven around zero tranission, it will

producer phase jumps at the expense of residual intengisyahd result in phase modulation.
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LiNbOs-based MZM features the characteristics of wavelengependent modulation and
high ER performance. Several combined MZMs can @dabize independent intensity and phase
modulating of the optical field, which forms thesizaof many advanced modulation formats.
Today, MZM is widely available for modulation up 40 Gb/s. However, MZM has significant
insertion loss (> 7 dB) and large length (> 44 mmaQuiring high driving voltage\; > 3.5 V). It
brings extra footprint, cost, and power consumptmthe optical transmitter. Usually, more than
one MZM and complex electronic pre-coder are neettedjenerate the above mentioned

advanced modulation formats.

1.3.20ptical RZ pulses

RZ shape is commonly formed by carving pulses éabatinuous-wave (CW) light using MZM
driven by clock, named pulse carver, as shown @ Ei5. Then the data are printed on the

optical RZ pulses using another MZM or PM to geteethe RZ-OOK or RZ-DPSK signals.

»
»
»

>

Transmission
Transmission

1 | | 1
|Driving ?ignaIAvl | |Driving fignaIAV

n
>

v

v

clock

L

oaw
_puil

<
<

Laser HMZM|— RZ pulse

(a) Structure (b) 33% RZgmd (c) 67% RZ pulses

Fig. 1.5 Structure and operation principle of RZsps generator using MZM
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When the MZM is sinusoidally driven at the pulsderdetween the minimum and
maximum transmission, it results in RZ pulses vdtlluty cycle of 50%. When the MZM is
sinusoidally driven at the half pulse rate betwgentransmission minima, it produces RZ pulses
with a duty cycle of 33%. When the MZM is sinusdigariven at the half pulse rate between
the transmission maxima, it generates RZ pulsels avituty cycle of 67%. For the 67%-duty-
cycle RZ pulses, the carrier at the optical cefieFruency vanishes due to the alternating phases

for the adjacent pulses, giving the name CSRZ.

There are other schemes to generate optical R2uu alternative method is based on an
optical PM followed by an optical delay interferame(DI) [53]. Mode-locked laser using EAM

as a mode locker is another candidate [54]. Howealkethe schemes require external modulator.

1.3.3Duobinary and AMI

Optical duobinary and AMI belong to the generakslaf correlative coding format, a subclass
of which being referred to as partial response aigg [48]. Correlative coding introduces a
distinct correlation between the optical phase thieddata information. A phase change occurs
whenever there is odd number of 0 bits betweenstwozessive 1 bits for duobinary, whereas for

AMI, the & phase change for each 1 bit is independent afuh&er of O bits in between.

The reason of high tolerance to CD for duobinany lsa explained using “101” bit pattern.
The dispersed two 1 bit pulses spread into the firbe slot between them, leading to destructive
interference due to the opposite phase. The stei@nd operation principle of one common

duobinary transmitter using MZM are shown Fig. [65]-[56].
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Fig. 1.6 Structure and operation principle of dmaly transmitter using MZM [55]-[56]

Duobinary transmitter uses the differentially posted non-inverting data and inverting
data as the inputs. Then the two pre-coded da&mmes are converted into two three-level
electrical signals by means of delay-and-add oerair low-pass filter. The two three-level
electrical signals are then used to drive the MZM push-pull operation between its

transmission maxima to produce the optical duolisanal.

One typical AMI transmitter implementation is idieal to the duobinary transmitter in Fig.
1.6, except that it uses an electrical delay-arraat circuit or high-pass-filter [48]. The data

modulator is usually followed by a pulse carveolbtain RZ-AMI signal.

1.3.4RZ-DPSK and RZ-DQPSK

In the DPSK format, optical power appears in eaittslot, with the binary data encoded as
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either O orr optical phase shift between adjacent bits. Thecalppower in each bit can occupy
the entire bit slot (NRZ-DPSK) or can appear asoatical pulse (RZ-DPSK) [57]. One

commonly used RZ-DPSK transmitter setup is showrign1.7.
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(a) Structure (b) Operation principle using MZM

vy

Time

Fig. 1.7 Structure and operation principle of RZS¥Ptransmitter using PM/MZM [57]

The transmitter consists of a continuously osaitatlaser followed by two external
modulators. Phase modulation can either be peribtmestraight-line PM or MZM. A PM only
modulates the phase of the optical field, resultogstant envelope optical DPSK signal. Since
phase modulation does not occur instantaneousty P inevitably introduces residual chirp
across bit transitions. When using MZM for phasedufation, the modulator is biased at its
transmission null, and is driven with a switchingitage of 2V,. The operation principle of
phase modulation using MZM is also visualized ig.H.7. Since the phase of the optical field
changes its sign upon transitioning through a mimmin the MZM power transmission curve,
two neighboring intensity transmission maxima happosite phase, and a near perfect®180

phase shift for DPSK signal is obtained, indepehdérhe drive voltage swing. The benefit of
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highly accurate phase modulation comes at the egpehsome residual amplitude modulation
at the transition of two bits, with the width ofethresulting intensity dips depending on the
driving signal’s bandwidth and voltage. A pulseveatris used to carve pulses out of the DPSK
signal, thus generating RZ-DPSK signal. The pués®ear cuts out the center portions of the bits

only, and thus largely eliminates any residualgloir intensity modulation.

A typical balanced DPSK receiver is shown in Fi@. IThe DPSK signal is first passed
through a Mach-Zehnder delay interferometer (DIhose differential delay is equal to the bit
period. This optical preprocessing is necessarggusiirect detection receiver to accomplish
demodulation, since PD is inherently insensitivéhe optical phase. The DI lets two adjacent
bits interfere constructively or destructively wiach other, leading to the presence or absence
of power at an output port. The preceding bit inSBPsignal acts as the phase reference for
demodulating the current bit. Thus, the differdntiee-coding is necessary at the transmitter.
Note that in coherent detection, a local oscillatan be used to provide the phase reference.
Ideally, one of the DI output port is adjusted d@structive interference, while the other output
port then automatically exhibits constructive ifgeegnce. The two DI output ports will carry
identical, but logically inverted data streams with information. Therefore, either single-ended

detection or balanced detection with 3-dB higheeneer sensitivity can be performed.

Fig. 1.8 Structure of a typical DPSK receiver

The benefit of DQPSK is that, for the same date, e symbol rate is reduced by a factor

of two. Consequently, the spectral efficiency ishamed and the transceiver bandwidth
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requirement is reduced, which make DQPSK a verymmimg candidate for long-haul
transmission. Nevertheless, the frequency offdetdnce between the laser and the DI is about
six times less than for DPSK [58]. The most widelyed implementation of RZ-DQPSK
transmitter using MZM and receiver is shown in Ag [57]. The transmitter consists of two
parallel DPSK modulators,®2 phase shifter, and a pulse carver. Two indeperdiga streams
are pre-coded before driving the two MZMs. Theyl wilroduce four kinds of phase shifts in the
DQPSK signal including Gi/2, =, and 3/4 to represent four kinds of symbols comprising@1j,

00, and 10. A pulse carver is needed to converDIRESK signal into RZ-DQPSK signal. The
structure of electrical pre-coder for DQPSK trartteniusing MZM is very complicated, as
shown in Fig. 1.10 [59]. It needs many electricalital gates and precise lengths of delay lines
to realize differential and gray pre-coding of thw® data streams. These electrical logical gates
consume much power and cost a lot for the MZM-b&2eDQPSK transmitter. The receiver
essentially consists of two DPSK receivers, andpinese difference between the arms of each
Dl is set to be #/4 and /4. The two DPSK receivers with different phasdedénces between

the arms of the DI will recover the original twat@atreams independently.

data 1 —
Pre-coder

data 2 —

Fig. 1.9 Structure of typical DQPSK transmittemgsMZM and receiver [57]

24



R

\ 4

"“D—_:g
dn2— AL
Rl

]
LT ]

Fig. 1.10 Structure of electrical pre-coder foritgh DQPSK transmitter using MZM [59]

Except MZM, there are other methods to generatekD&81 DQPSK using EAM taking
the advantage of the interference between the TET& modes of a polarization-sensitive

EAM [60]-[61].

1.4 Research challenges of transmitter design

With the explosively growing bandwidth requirememw optical fiber communication systems
with more WDM channels are needed. Hence, a hug#auof optical transmitters are needed.
To avoid the heavy burden on the customer and ,gheke transmitters should be cost-effective,
compact, and power-efficient. Meanwhile, to contbatdistortions imposed on the transmission
system by the fiber impairments involving CD, PMihd nonlinearity and various noises, the
transmitters should be capable of generating acgdhnmdulation formats including optical RZ
pulses, duobinary, AMI, RZ-DPSK, and RZ-DQPSK. kengral, compact footprint, low cost,
low power consumption, and excellent transmissierigpmances are the essential parameters in

the design of the optical transmitter.
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Nevertheless, the conventional transmitters usil DEAM, and MZM cannot entirely
possess these characteristics. DML can producedugsut power with low cost, but it cannot
generate high-performance modulation formats. EAM duitable for integration with
semiconductor laser. However, it is not wavelerigithsparent and is traditionally used as OOK
element. MZM is a great invention with the capapilo engender advanced modulation formats,
yet usually several external modulators and complewer-hungry electrical pre-coders are
required for each scheme. Also, MZM brings extratctiuge size, and large insertion loss.
Therefore, the work to make innovative designshef optical transmitter to satisfy the above

requirements is challenging but meaningful.

1.5 Major contributions of this thesis

In this thesis, we propose and experimentally destrate several novel optical transmitter
designs using chirp managed laser (CML), compoded DML and an optical filter. These
designs preserve the merits of DML such as low, ¢ogh output power, and small package size.
At the same time, contrast to the previous viewgatds the residual chirp in DML, we utilize its
unique adiabatic chirp property to realize the pha®dulating of optical field for advanced
modulation formats generation and dispersion tatermansmission. The following filter
provides an additional degree of freedom to perfergmal intensity manipulation by spectral

reshaping. This filter also greatly enhances thet@&ance of DML.

Therefore, we generate advanced modulation forswk as optical RZ pulse, RZ-DPSK,

and RZ-DQPSK, using CML. No or very few electrigak-coding is required thanks to the
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natural differential encoding feature of the adtaba&hirp. These CML-based formats show

remarkable transmission performances comparablethase equivalents using MZM.

In addition, we employ a simple and passive elealpre-emphasis driver to further extend
the CD tolerance of CML. Compared with the otherwerconsuming electronic pre-
compensation schemes, it is more adaptable to ldgam designing concept of CML. The

detailed original contributions of this thesis hséed in the following subsections.

1.5.10ptical RZ pulses generation using CML

We propose and experimentally demonstrate the igabnof 10-Gb/s optical RZ pulses
generation using CML. No external modulator is uB®dpulse carving. The frequency of the
sinusoidal driving signal is half the output pulsge. 70-km and 50-km error-free SSMF
transmissions have been achieved for the 10-Gli¥s-@Ry-cycle and 67%-duty-cycle CML-

RZ-pulses based RZ-DPSK signals, respectively.

Later, we extend to demonstrate the scheme of 26-BB pulses generation using CML
driven at one-fourth the pulse rate and investiglagetransmission performance of the 20-Gb/s

CML-RZ-pulses based RZ-OOK signal.

1.5.2M-ary RZ-DPSK signals generation using CML

We propose and experimentally demonstrate the igobs of RZ-DPSK, %-RZ-DQPSK, and

RZ-DQPSK signals generation using CML.
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First, we generate the 10-Gb/s RZ-DPSK signal u§lMl. and pulse carver. It does not
require any differential encoder or PM. The CML4d9RZ-DPSK signal shows 3-dB higher
receiver sensitivity after 70-km SSMF transmissieithout dispersion compensation and

comparable nonlinear tolerance performance, cordpaith that generated by PM.

Next, this proposal is generalized to generatelthv&baud RZ-DQPSK signal using CML
and pulse carver. Compared with the complex preéagpdequired for the MZM-based RZ-

DQPSK transmitter, only a simple exclusive-or (XGRoder is needed for that based on CML.

Later, we demonstrate the scheme of 10-Gbaud %-QBR&$XK signal generation using
single CML, without the need for external pulsevear In this new signal format, the symbols
with a differential phase shift of 0 remain NRZ,ilelthose with differential phase shifts of 9.5

n, and 1. are RZ. Error-free transmission is realized ov@&kt SSMF without OSNR penalty.

Finally, we demonstrate the technique of 10.709«@faZ-DQPSK signal generation using
single CML, without any differential pre-coder, P pulse carver. It realizes 40-km SSMF

transmission at BER of 10

1.5.3Enhanced CD tolerance of CML with pre-emphasis

We propose and experimentally realize the 10-GBGsKn SSMF transmission at BER of 10
using CML with a simple and passive pre-emphasigedrThe 10-Gb/s standard CML signal
without pre-emphasis can only be transmitted up20 km, in comparison. No expensive DCF
or power-hungry EDC technique is used.

Later, we further demonstrate the 20-Gb/s 100-kiMS8ansmission at BER of TQusing
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CML with pre-emphasis.

1.6 Outline of this thesis

The chapters of this thesis are organized as follow

Chapter 1 reviews the origin of optical fiber commuation systems, transmission

impairments, modulation techniques, and challefigesansmitter design.

Chapter 2 talks about the basic knowledge of CMthsas history and device structure, and
analyzes the chirp origin and modulation bandwidltfftDML. Then, the previous works using

CML done by other groups are discussed.

Chapter 3 demonstrates the techniques of 10-GhisabRZ pulses generation using CML
driven at half pulse rate and 20-Gb/s optical RZsgsI generation using CML driven at one-

fourth pulse rate.

Chapter 4 investigates the schemes of 10-Gb/s REKDggnal generation using CML and
pulse carver, 10-Gbaud RZ-DQPSK signal generatsamguCML and pulse carver, 10-Gbaud %a-
RZ-DQPSK signal generation using single CML, and7@0-Gbaud RZ-DQPSK signal

generation using single CML.

Chapter 5 presents the operations of 10-Gb/s 300akm 20-Gb/s 100-km SSMF

transmissions at BER of fusing CML with a simple and passive pre-emphasied

Chapter 6 gives the summary of this thesis andesigms on the future work.
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Chapter 2 Chirp Managed Laser

2.1 Introduction

The concept of CML, comprising a DML biased higloa the threshold and a narrow passive
optical filter, was proposed by D. Mahgereftghal. and became popular around 2005 [62]-[63].
Due to its excellent transmission performance of l6Bustness and simplicity, the inventors of
CML co-founded a corporation to commercialize tihedoict in 2002. Actually, much effort had
been made to improve the CD tolerance of DML byrowsing the spectral or reducing the

residual chirp in 1990s.

2.1.1History

In 1993, M. Blezet al. surprisingly found that the best chirp value of DMas even below the
information bandwidth in the experiment. Then, thelculated spectrum evolution suggested
that an optimum but low chirping would obtain a uedd spectrum with strong one-side
modulation band suppression on the long wavelesitd [64]. Nevertheless, a clear relation
between the simultaneous amplitude modulation (AR frequency modulation (FM) in DML

for this optimum condition was not given.

In 1994, J. Bindeet al. analyzed that one spectral sideband would be sappd with a
particular balance between the simultaneous AM EBdin DML, when it was dominated by

adiabatic chirp [65]. The balance is governed by

B EXT-1
2

"EXT+1 (2'1)

B
Afpp = 7 -Mm =
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whereAf,, is the peak-to-peak frequency deviation causeddigbatic chirpB is the data rate,
mpy IS the AM modulation index, and EXT is the sigiR. It predicted that the DML would
have better CD tolerance with high signal ER arsd llan or equal to half-data-rate adiabatic
chirp. However, to get high signal ER, the DML nedd be operated near threshold, where
harmful transient chirp instead of adiabatic chgpdlominated. S. Mohrdiekt al. showed by
calculation that, with increased laser bias forabdtic chirp and lower ER as trade-off, 70-km
SSMF transmission was possible with a 3-dB perfaltyL0-Gb/s DML signal [66]. B. Wedding
et al. experimentally reported 253-km SSMF transmissién1@-Gb/s DML signal, using
dispersion-supported FM-to-AM conversion [67], whigvas a remarkable advancement in
manipulating the chirp in DML. Yet, the drawbacKglas scheme were that the transmitter chirp

need to be adjusted for given fiber length andremommon receiver with integrator was used.

In 1995, C.-H. Leeet al. proposed to use a 12-GHz optical Fabry-Perot {iiB) to reduce
the spectral width of 2.5-Gb/s DML signal, incredise signal ER, and decrease the chirping-
induced penalty. Thus, 250-km non-dispersion-stifteber (NDSF) transmission was
demonstrated [68]-[69]. This was the first time whbe model of DML followed by an optical
filter was built up. However, the DML was modulatedh huge transient chirp and the optimum

relation between AM and FM was also neglected.

In 1997, P. A. Mortoret al. realized that the bias of DML could be increase@liminate
the ringing or overshoot during transition indudeg transient chirp and the poor signal ER
could be improved using a narrow spectral filte3.53km SSMF transmission at 10 Gb/s was
achieved [70]. This work was approaching nearly epimum operating condition of CML,
except that the large driving voltage o4, covered the full potential advantage of adiabatic
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chirp. M. McAdamset al. presented that the modulation response of DML magnitude of
AM would be greatly improved by the FM-to-AM consg@n using any frequency discriminator,

such as an optical filter or resonant cavity [71].

In 1999, D. Mahgereftelet al. demonstrated the propagation over 600-km NDSF.&t 2
Gb/s using a fiber-grating high-pass filter aftaviD[72]. The scheme especially mentioned that
the laser need to be biased high (100 mA) and ratetlilwith moderate depth (20%-40%) to
minimize transient chirp, leaving adiabatic chirfnieh made ones and zeros had different
frequencies. A fiber Bragg grating with a sharp atep-line response (7 GHz) passed the ones
and blocks the zeros, resulting in signal with B¥R. Hence, most of the remaining energy
had the same optical frequency. The authors pedlgtinsed a feed-back loop to keep the laser
frequency at the transmission edge of the gratmtyraaintain the high ER over time. They also
pointed out the pattern dependent problem of DMktaee of the non-uniform frequency
response, which could be remedied by using lowtieegy circuitry to equalize the response.
These simple but useful thinking paved the wayttiermodel of DML plus filter in the lab to be
a CML product in the market. However, the drivingltsage was set to be 1\, in the
experiment, which was yet not the best value fer halance of AM and FM in DML signal,

implying that there was still room for improvement.

In 2001, T. Niemi developed a tunable optical etditter for simultaneous spectral filtering
and wavelength monitoring of the output of DML [73[he FP filter was fabricated by
depositing dielectric mirrors on a double-side glodéid silicon wafer, which was transparent in
the wavelength rage of 1.2-1um. Moreover, the refractive index of silicon wanséve to

temperature, allowing the transmission of theffittebe tuned and locked to a preselected value
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on the slope of the filter transmission spectruncogtrolling the optical thickness of the etalon
via temperature. By tracking the temperature of étedon locked to a constant transmission
value, changes in the wavelength of the transmittas conveniently be monitored. These

features made the etalon filter to be a good caeifbr the spectral reshaping of DML signal.

In 2002, D. Mahgereftelet al. demonstrated a simple and wavelength-locked djrect
modulated RZ transmitter [74]. The packaged dewomprised a 10-Gb/s DML and a fiber
Bragg grating (FBG) filter with tap monitors, whictvas the miniature of CML. The
thermoelectric cooler (TEC) for temperature stahbtion and electronic control circuit for
wavelength locking had been applied with good perémce. So far, the theory investigation and

device structure design had been mature for CML.

In 2005, D. Mahgereftelet al. proposed and demonstrated the error-free 250-kMFSS
transmission using 10-Gb/s CML driven with an optimoltage of 0.8 V at 1550 nm, which had
already been a popular product in the market.tlageansmission record for DML without any

CD compensation [62].

In 2006, Y. Matsuet al. explained the model and operation principle of Cé¢stematically
[63], which indeed generated phase correlated alpdigobinary signal and also agreed with the
balance of AM and FM mentioned in equation of (23ince then, much research has been

performed to demonstrate a wide range of applinatising CML.

In the following subsections, we will conciselyrimduce the device structure of CML and

analyze the chirp origin and modulation bandwidtDbIL.
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2.1.2Device structure

The commercial available CML module uses a 10-Ghfsctly modulated DFB chip co-
packaged with a multi-cavity etalon filter for agal spectral reshaping as shown in Fig. 2.1 [75].
The FM efficiency of the DFB laser is 0.24 GHz/mPhe Bessel filter has a 3-dB bandwidth of
11 GHz or 7 GHz and a slope of 1.5 dB/GHz or 2.2GH¥ for different models. Sharper filter
typically supports better performance. The firsticgd isolator is included between the DFB and
the filter, while a beam-splitter component and tRDs are configured to allow frequency
locking. The first lens is used to collimate theBDRser output and pass the beam through the
splitter and filter, prior to coupling into fibesing the second lens. A second isolator is included

in the fiber pigtail to minimize the effect of extal back-reflections on module performance.

|DFB H Lens 1HIsolator 1 Filter |[-{ Lens 2|-{Isolator 2|

Fig. 2.1 Structure and internal layout of CML maal{if5]

The schematic in Fig. 2.2 shows the key componants control loops that are used to
operate the CML module. The output power of the D§-Bionitored by PD 1. PD 2 monitors the
back-reflection from the filter. The photocurreatio from the two detectors is used to lock the
relative spectral locations of the laser and thterfivia temperature control of the DFB using
TEC 1. TEC 2 controls the temperature of the fidted locates the operating point of the filter on

the WDM grid in both C band and L band. The lockedjuency deviation on the International
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Telecommunication Union (ITU) channel is less tRah GHz.
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—>|§tart Up Temperature LConstant PD Ratio (locker)

Fig. 2.2 Control schematic for CML module [75]

The CML module offers a reduced footprint whichnisluded in standard butterfly package
or transmitter optical sub-assembly (TOSA) packap®wn in Fig. 2.3. The miniature size of
TOSA (5.5 x 6.5 x 15.5 mm) ensures it suitableifbegration into an XFP transceiver module.
The typical driving voltage and output power of Cilodule for dispersion-compensation free
transmission is 1 V and 0-7 dBm, respectively. Bymparison, the LiINb@MZM-based

transmitter cannot fit into an XFP module due $datrge size and high power consumption.

Fig. 2.3 Butterfly package and TOSA package for Qlihdule [75]
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2.1.3Chirp origin and modulation bandwidth

There are three types of chirp in DML includingnsgent chirp and adiabatic chirp caused by
carrier density modulation effect and thermal chiguced by temperature change effect. The
underlying physical phenomenon is that the refvactndex of semiconductor material varies

with carrier densityand temperature.

When the laser is directly modulated, a changénénbias current will lead to a change in
the carrier density, which in turn will lead to d&ange of the refractive index of the
semiconductor material. Since the lasing frequaesdetermined from the feedback condition in
the laser cavity, which itself depends on the ativa index, the instantaneous frequency of the
emitted signal will be a time varying signal. Thaect is known as frequency chirping. The
relation between the frequency shiitinduced by the chirp and the power wavefdtrat the

laser output needs to be clarified first for chinfpnagement of DML.
Under the laser threshold condition, the lasingdiency of an FP laseris given by
v =mc/2nL (2.2)

wherem is an integer, corresponding to tmé longitudinal mode of an FP cavityjs the speed
of light in vacuumn is the real part of the complex refractive indeardL is the laser cavity
length. The real part of the complex refractiveemdaries with frequency due to dispersion in

semiconductor material and also depends on theecdensity [76].

The complex refractive indgxcan be written as
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A=n+jn (2.3)

wheren is the imaginary part of the complex refractiveer. The real and imaginary parts of
the complex refractive index are related through esKramers-Kroning relations and verified
by C. H. Henryet al. in 1981 [77]. In 1982, C. H. Henry pointed out ttHaesides the
instantaneous phase change caused by spontane@ssoamthere would be a delayed phase
change resulting from the instantaneous changkerfi¢ld intensity for lasing [78]. To restore
the steady-state field intensity, the laser wildaergo relaxation oscillations, lasting for about 1

ns. During this time, there will be a net gain dmafg, denoted by

Ag = (—2w/ c) An (2.4)

wherew is the angular frequency in vacuufin is the deviation of the imaginary part of the
refractive index from its steady-state value. Thange inn is caused by a change in carrier
density, which will also alter the real part of tlefractive indexn. The ratio of these changes is

defined by a linewidth enhancement faatowith a typical value of 5, expressed by

a==2 (2.5)

An

A change im during a limited period of time will result in amdlditional phase shift of the laser

field and in additional line broadening. Inser(2into (2.4), leading to

Ag = (—2w/ ac) An (2.6)

The relation between gain and carrier denNitg often modeled as below

gN) =a (N = N)(1 —eS) (.7
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wherea is the gain coefficientV, is the carrier density needed for transparence. fiflst-order
effect of a small degree of spectral hole-burniB§i), namely, strong non-uniformity across
the spectral distribution, and other gain nonliitgais denoted through a reduction or
compression in gain by a fact@r — €S), wheree characterizes the strength of the nonlinearity
andSis the photon density. Therefore, in semiconduletser, the changes in the carrier density
affect the gain, as well as the real part of themmex refractive index, which results in the

frequency chirp.

From 1984 to 1987, T. L. Koclet al. derived the expression of the time-dependent
frequency deviation in terms of the output powangghe following single-longitudinal-mode

laser rate equations [79]-[81].

das S rN

E=aUgI‘(N—Nt)(1—€S)S—TP7+ﬁa (28)
il = dO) N —N,)(1 —e€S)S N 2.9
T = v~ WV =N —eS)S - (2.9)
do a

i —Eavgr(N — N.w) (2.10)

The photon density is defined in terms of the nunddgohotons in the modd, or the optical

power out one facd? as

N, (0)

act

S =r

_ r27,, P(t) 211)
hvnVect
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whereV,; is the active layer volume.is the usual optical modal confinement factois the
total differential quantum efficiency assuming eakage currents, is the group velocitys is
the fraction of spontaneous emission into the fasimode.z,, is the spontaneous emission
lifetime. | is the applied currene is the elementary chargg.s the optical phasél., is the
photon density during the steady stajg. is the photon lifetime, related with the intermads

aint @and the mirror losan, in semiconductor laser, governed by

Tph_1 = Uy (@ + Aine)

1 1
= Ug [le’l (m) + aint] (212)

wherelL is the laser cavity lengti®, andR, are the facet reflectivities at the two ends & th

laser cavity.

On the right-hand side of the photon density ratgation of (2.8) describing the change of
photons as a function of time, the first term is thte at which photon density increases due to
stimulated emission. The second term is the ratehath photons leave the cavity, for internal
absorption or exiting the mirrors. The third tesrthe contribution of the spontaneous emission
from carrier non-radiative recombination. On thghtthand side of the carrier rate equation of
(2.9) describing the change of carriers as a foncbf time, the first term is the injected
electrons rate. The second term is the carrieretiepl due to stimulated recombination. The

third term is the carrier depletion rate due to-nadiative recombination.

The relation between chirp and output optical powddML is derived as
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1 do

AV(t) = % E
_Za 1l @@ P(t) (2.13)
4 |P(t) dt ' '

wherex = 2re/hvnV,... The spontaneous emission term is neglected, wbdicttributes to
intensity and phase noises. Here the first teranl&ser-structure-independent transient chirp, and

the second term is a laser-structure-dependenatitechirp.

The transient chirp leads to deleterious chirpingirdy relaxation oscillation at the
transition points on the waveform which are ofnitésimal temporal extent. Fortunately, if the
laser power is increased to a high level, the tesichirp will be reduced significantly. The
change of adiabatic chirp almost instantaneouslipvis the variation of output power as a
function of time, which is a key characteristic foML to realize phase modulation via driving
signal manipulation, generating a wide variety dfanced modulation formats. The adiabatic
chirp is induced by the nonlinear gain compresstiact, which causes the carrier density to
saturate at the peak intensity regions of the nymdéle, related with the strong damping of
relaxation oscillation in semiconductor laser [§2%]. A laser with large damping necessarily
has a large adiabatic chirp or frequency offsetl since the oscillations and hence derivatives
will be small, the transient chirp term when evédaion the power waveform will be small [80].
The converse is also true. In 1987, P. J. Coridi B L. Koch also pointed out that the moderate
ER was optimal for reduced chirp penalty and thagrent chirp was more detrimental to system

performance, with the adiabatic chirp being moneidpe or even beneficial [81].

Thermal chirp is the third kind of FM in DML, gemdlly undesirable. The laser frequency
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changes with variance in temperature because ttaetige index of the semiconductor material
is a function of temperature [86]-[87]. Thermalrghihas the opposite sign to adiabatic chirp. An
increase in injection current generates a bludeshifadiabatic chirp, while thermal effect
produces a red-shifted thermal chirp. In additidrermal chirp has a delayed response to the
applied current, which increases exponentiallyimmet Thermal chirp is controlled by several
time constants, which are relatively long in dwatcompared to the typical bit period of high
speed digital signals, i.e., 100 ps for 10 Gb/s fstest time constant for thermal chirp is on the
order of 25 ns for a typical DFB laser chip. Thiglowing a sudden increase of the injection
current, the continuously increasing temperatursulte in a continuous exponential-like
decrease of the optical frequency (from a new higladue set by the adiabatic chirp) [88].
Specifically saying, FM response in the low modolatfrequency region from 0 to 10 MHz,
gradually decreasing with modulation frequencymstérom the thermal effect. FM response in
the high modulation frequency from 10 MHz to the ANbdulation limit of DML is mainly
controlled by the carrier effect [89]. The overaM response is non-uniform and V-shaped due

to the transition between the thermal responsecarrier density response [90].

Thermal chirp gives rise to severe pattern-dependéact for DML, limiting the data
pattern length [87]. When a DFB laser is moduldigch random sequence, a high density of 1
bit will tend to heat the laser since the averangection current is increased. The temperature of
the active region of the laser will decrease ftrigh density of O bit. Hence, the temperature of
the laser and its optical frequency tend to warder time in response to short term changes in
the mark density of the random sequence, resuliinghase noise. The phase noise can be
converted into intensity noise via FM-to-AM conwvers process. This frequency wander can

also cause another harmful effect in data link&wang lengths of optical fiber. Since the fiber is
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dispersive, the frequency wander can cause a ditfflerence in the arrival time of the bits with

different mark density at the receiver, inducingitig jitter.

Different approaches have been reported to corhleaadverse effects of thermal chirp. The
preamplifier with a compensation network can enbathe signal at the laser FM response dip
[91]. Modulation formats of AMI and Manchester ard coding can delete the low-frequency
spectral content of the signal [92]-[94]. CML desgs provide other compensation techniques
[87]. Additional correction current can be supplieal the laser chip which generates an
additional adiabatic chirp component to compeng&at¢hermal chirp. The correction current is
electronically synthesized from the incoming eleelr data or determined by monitoring the
output optical signal. However, this method affetiie output amplitude. In another direct
thermal compensation scheme, the correction cursesupplied to a heater, which is integrated
with the laser chip and functions to change thep deimperature. The correction signal is

generated from the digital data modulating therlase

Modulation bandwidth is another important issue tugh-performance CML. The
modulation response of a semiconductor laser angly affected by the relaxation oscillation
frequencyQr and the damping ratg [95]. Essentially, the damping phenomenon results from

the nonlinear gain saturation.

In 1990, G. P. Agrawal used a different model famgnonlinearity to derive modulation
response, which is more suitable than the assungpiio[96]-[97] when the laser power is high,

governed by

gL
g=

=—7
(1+p)2
42
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whereg, is the linear gain. The dimensionless paramgttakes into account the effects of

intraband carrier relaxation. It can be relateth®output power by using the relation
b= |E0|2/Is
=P/P; (2.15)

where|E,|? is the intracavity mode intensity, and the sataraintensityl, is related to the

intraband relaxation times. The saturation photomiverPs is related td, by the linear relation

EoneffCVact
Pp=—""7-—I 2.16

whereg, is the vacuum permittivityz, ¢ is the effective index.

By solving the laser rate equations and keeping thvé dominant term, the frequency and

the damping rate of relaxation oscillations arenfibto depend on the mode intensity through

GyP (1 + E) P
02 = NEXN 2/ (2.17)
Tph (1 + p)
p
1 4
[ = — (2.18)
Pt (1+p)?
whereGy is gain derivative b\, given by
rva
Gy = =2 (2.19)
Vact

The quantity of interest from a practical standpasnthe 3-dB bandwidth w;,5, defined
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as the modulation frequency at which the modulatesponse drops by a factor of 2 from its

zero-frequency valué\ wsgg is related to the relaxation-oscillation parametey the relation
Aw3yp = Q% —T% + 2[Q3(0Q3 +T3) + I'k]Y/? (2.20)

The limiting value ofA w545 at saturation due to gain nonlinearity is obtaifredn (2.20) and

given by

AWl = 3 0
1
_ (3GyP)?
- 2 Tph
1

3epCnesrals )2
B 2hvty,

N|

3€pCnerralgvy [1 1
= =1 (—)+ - ]} 221
{ 2hv 21 "\R,R,) T %int (221)

wheref,,, . is the maximum value dPg whenp is approaching the infinity and the condition of

Ir<K Qris assumed.

For CML applications, both large adiabatic chirpdamgh modulation bandwidth are
desirable, which is challenging for laser desigd sequires innovation. Equations of (2.13) and
(2.21) should be considered simultaneously. Firstllphigh bias is a working condition for the
maximum modulation bandwidth and strongest gainlinearity. Secondly, the FM efficiency
can be strengthened by enhancing the optical cemimt factor. The differential gain is

becoming higher too, leading to higher modulatioandwidth, because larger optical
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confinement factor results in lower threshold g&8]. Therefore, the nonlinear gain effect will
be increased using quantum-well (QW) design dudéajuantum confinement of electrons and
proportional optical confinement [99]. The FM eifincy should be roughly doubled, since the
saturation intensity controlled by gain nonlinear#t reduced by a factor of 1-2. The differential
gain is expected to be increased by a factor ofA@43 QW. Thus, the limiting 3-dB bandwidth is
also expected to be larger for QW laser but by woenthan 50% of that of conventional laser
[95]. The gain nonlinearity and differential gainllvibe enhanced further when the thickness of
the well is reduced and the number of the welheseased [98]. Last, decreasing the laser cavity
length is another effective approach to improverttoglulation bandwidth [49]. At the same time,
the FM efficiency is also enhanced due to the deaeé laser active layer volume. Overall, short-
cavity semiconductor laser with large optical caafnent factor using QW structure can provide
high modulation bandwidth and large adiabatic ctiop CML applications, though the short

cavity may limit the laser output power to a poalue.

2.2 Previous works

Since the inception of CML technology, most of thesearch has been focused on the
demonstration of its various applications includergended transmission reach and advanced
modulation formats generation [100]. In this settive will review several representative works
using CML such as NRZ-duobinary signal generatielectronic pre- and post- dispersion
compensation, RZ-AMI signal generation, and RZ-DP$S#nal generation. Their advantages

and limitations will also be discussed.
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2.2.1NRZ-duobinary signal generation using CML

To generate NRZ-duobinary signal, the DML in CML tigically biased at 5 x threshold,
resulting in a low ER (about 2 dB) intensity modida [63]. The benefits of high bias for CML
compared to conventional DML are high output poweide modulation bandwidth, stable
single-mode operation, low timing jitter, and suwgg®ion of transient chirp. Importantly, gain
compression in the laser generates the accompaagiiafatic chirp, which follows the intensity
waveform; “1” bits are blue shifted relative to “@its. The laser wavelength is aligned on the
transmission edge of the filter in CML, so as tepalue-shifted “1” bits and attenuate red-

shifted “0” bits. This FM-to-AM conversion increasER at the output of filter to > 10 dB.

Fig. 2.4 shows operation principle of NRZ-duobinargnal using CML via the intensity,

frequency, and phase profiles at the output ofedlyilaser, and filter.
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Fig. 2.4 Operation principle of NRZ-duobinary sigganeration using CML
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The laser is biased at 70 mA and modulated withGbls NRZ signal. The modulation
current of the laser is 23 mA(1 V), producing an adiabatic chifyf of 5 GHz. The peak-to-
peak adiabatic chirp is set to be half the bit feéquency, satisfying the balanced AM and FM
condition in equation of (2.1), together with higignal ER after filter. Hence, the phase varies

slowly during each 0-bit with a total shif, given by
A =2 X Af X T
=21 x 5GHz x 100 ps
= (2.22)

whereT is the time duration of bit period. The limitednidavidth and high slope of the filter in
CML removes ring in the intensity, converting slgwharying adiabatically-chirped pulses to
flat-topped chirp pulses with abrupt transitiomsother words, the chirp at the rising and falling
edges is significantly reduced and the frequencpimes flat-topped over the entire 1 bit pulses.
The constant phase envelope with the accompanyingtr phase shift during odd number of
0 bits, generating the NRZ-duobinary signal, whicthe key to CD tolerance of CML. Note that

no electrical differential pre-coding or other edicwy is needed.

D. Mahgereftetet al. showed that the dispersion penalty of the 10-GWH. using -1
pseudo-random binary sequence (PRBS) was 0.5 dBOf@km SSMF and 4.8 dB for 250-km
SSMF at BER of 1% [62]. A compact 10-Gb/s DFB-array-based CML medulith 30-nm
tuning range across C band for 200-km SSMF reach reported [101]. Y. Yokoyamet al.
achieved 300-km SSMF transmission at BER of 18ing a 10.709-Gb/s CML with a planar

lightwave circuit (PLC) based ring resonator filf202]. S. Chandrasekhat al. transmitted the
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10-Gb/s CML signal over 1980-km link, with the dépion management using DCF [103]. S.
Matsuoet al. demonstrated the 60-km SSMF transmission usin@+@l#s frequency-modulated
DBR (FM-DBR) laser combined with a 40-GHz free-dpa&lerange (FSR) DI filter and a 13.5-
GHz etalon filter [104]. Since the laser phaseisactvas directly modulated, there was no
residual intensity modulation. A clear eye operaftgr 40-km SSMF transmission was observed
using a 25-Gb/s FM-DBR laser and a DI filter witB-@Hz bandwidth [105]. Error-free
operation was achieved for 20-km SSMF using a 46GM-DBR laser and a 13.5-GHz etalon
filter [106]. J. Yuet al. demonstrated the transmission of a 42.8 Gb/s Cigihas over 20-km
SSMF and 100-m graded index plastic optical fili&FPOF) with BER smaller than £aand its
application in a centralized WDM passive opticatwark (PON) [107]-[109]. The 42.8-Gb/s

CML signal could be transmitted over 640-km SSMihwhe help of DCF [110].

There is another way for DML to generate NRZ-duabynsignal or obey the relation in
equation of (2.1), which is the use of an exteEbaM to take the place of the filter in CML for
ER enhancement. Hoon Kimt al. demonstrated the 10-Gb/s transmission using thed-d
modulated EML (D-EML) over 200-km SSMF with PRBS 251 giving rise to 3.4-dB power
penalty and over 175-km SSMF with PRBS 6% 2 suffering from 6-dB power penalty at BER
of 10° [111]. K. Hasebet al. demonstrated the 10-Gb/s error-free 180-km SSMiFstnission
using an integrated D-EML with PRBS of'2L, by suppressing the thermal effect with a shorte
cavity length [112]. K. Kechaoet al. demonstrated the 39.7-km SSMF transmission atl28 G
with PRBS of 2-1 and 10-km SSMF transmission at 40 Gb/s with PRBZ*-1 using a D-
EML at BER of 10° [113]-[114]. In comparison, one advantage of D-ElMer CML is the
insensitivity to temperature. Nevertheless, thednaission records of D-EML at different data

rates are not as good as CML. The main reason dhmulattributed to the continuous phase
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change in D-EML and the sharp phase change in QML the space bits.

The idea of FM-to-AM conversion behind CML can alse used for other modulation
techniques to improve the system performance. JWei et al. demonstrated that the
wavelength-offset optical filtering resulted in @B power budget improvement for DML-based
PON system using intensity-modulation and dired¢ed#on (IMDD) orthogonal frequency
division multiplexing (OFDM) [115]. Z. X. Liuet al. demonstrated the generation of

Manchester-duobinary signal using CML and its agggion in WDM-PON [116]-[117].

2.2.2Electronic pre- and post- dispersion compensatiorof CML

To further improve the CD tolerance of CML, mangds of electronic techniques including pre-

EDC at the transmitter and post-EDC at the recéiaerbeen used.

S. Chandrasekhaat al. demonstrated the continuous detectability of 10sGlata from O-
to 675-km of SSMF using a combination of a CML andable ODC and adaptive EDC at the
receiver [118]. The ODC device was made from sikeaveguide DI [119] and the EDC
incorporated a combination of DFE, FFE and compyepéduced MLSE [120]. The 285-km
repeaterless SSMF transmission at 10.664 Gb/s efasrted using a CML with the same
receiver [121]. A 10-Gb/s CML in conjunction withlMBE at the receiver achieved transmission
over 1200-km nonzero dispersion-shifted fiber (NAPE 22]. X. Zheng demonstrated the 10.7-
Gb/s 300-km SSMF transmission at BER of1ing a CML and FFE/DFE-based EDC at the

receiver, which could fit into hot pluggable XFP aode [123].

Post-EDC is not an efficient way to correct optisignal distortion caused by CD because
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the phase information critical to undoing the distm is lost in the power law detector at the

receiver. Pre-EDC at the transmitter does not sfrifen this loss of information.

X. Zhenget al. demonstrated the SSMF transmission of 10.709-&pfsal from 0 to 360
km at BER of 10 using a CML and an integrated DSP control driviergfulse shaping at the

transmitter [124]. Fig. 2.5 shows the operatiomgple of the pulse-shaped CML.
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Fig. 2.5 Operation principle of CML with uni-polaansient chirp [124]

For standard CML, the main factor limiting BER2&0 km is the “0 1 0” bit sequence, for
which the trailing edge of the pulse spreads ih ddjacent “0” bit causing 0 to 1 errors. The
rising edge of the pulse does not limit BER at 200 because of inter-pulse destructive
interference. The faster blue chirp at the risidgeeof the isolated pulse over-runs the slower red
chirp part of the transition causing destructivéeiiference. There is no interference on the
trailing edge since the bottom of the transitionvemaway from the faster top portion. In order

to overcome the energy spreading from the traididge, a CML driver with uni-polar boosting
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function is developed. The integrated DSP controled adds a transient boost at the trailing
edges of the pulses, which generates a large dai-ped transient chirp at 1-to-0 transitions at
the output of the laser. In this case, the bottdnthe pulse transition overruns the more red
shifted transient portion causing destructive iiet@nce in the adjacent “0” bit. This eliminates

the O to 1 error for that bit and increases thehlred CML.

The structure of the uni-polar driver for CML isosfn in Fig. 2.6. About 30 mW extra

power was needed for generating the uni-polar fanct
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Fig. 2.6 Structure of the uni-polar driver for CN124]

A. S. Kararet al.demonstrated the transmission over 608-km SSMFE& Bf 10° using a
10.709-Gb/s CML and pre-distortion at the transmiftl25]. It involves shaping the drive
current through back-calculation which is optimizéat a minimum BER at a specified
transmission distance. A 6-bit 21.4-GSa/s digibakhalog converter (DAC) was implemented.
The 1-dB dispersion penalty window was 110 km aRB# 1x10°. Therefore, the heavily pre-

distorted signal is only detectable in the vicirofythe distance which it is pre-distorted for.
Electronic pre- and post- dispersion compensat&lpsha lot to extend the reach of CML.
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However, EDC brings extra cost and high power comion to CML, whose market position is

located at cost and power sensitive access andpaoditan networks.

2.2.3RZ-AMI signal generation using CML
S. Chandrasekhast al. generated RZ-AMI signal by operating the CML witlZ Rlectrical

driving signal [126]. The operation principle isosvn in Fig. 2.7.
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Fig. 2.7 Operation principle of RZ-AMI signal geagon using CML

The laser is biased at 80 mA high above its thigshad directly modulated by a RZ
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electrical waveform with 50% duty cycle. The pealpeak driving voltage of the 10.664-Gb/s
RZ signal is 2 V, generating an adiabatic ctifpof 10 GHz. Hence, the phase varies slowly

during the space of two adjacent 1-bits with al teltét A@, given by
AQ =2m X Af X T/2
=21 x 10 GHz X 50 ps
- (2.23)

whereT is the time duration of bit period. The phase diiping a “0” bit, on the other hand, is
2m, since “0” bit occupies the full bit period. Ovéra phase change afoccurs for each “1” bit,
independent of the number of “0” bits in betweemheTfollowing filter improves the output
signal ER and changes slow-FM into fast-FM accorgghrwith sharp phase transition,

generating RZ-AMI signal.

The 10-Gb/s generated RZ-AMI signal using CML shdwereach beyond 9000 km using
DCF for CD compensation and high fiber nonlineardipustness, similar to that generated using
traditional MZM [127]. However, the electrical pceding procedures are reduced significantly

for CML source with small footprint.

2.2.4RZ-DPSK signal generation using CML

J. Franklinet al. demonstrated the generation of 2.67-Gb/s RZ-DRgHKaswith PRBS of 21
using CML, without separate differential pre-coderd pulse carver [128]. The operation

principle of RZ-DPSK generation using CML is showrfig. 2.8.
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Fig. 2.8 Operation principle of RZ-DPSK signal gext®n using CML

The laser is biased high above the threshold andurated with a three level RZ driver
with duty cycle of 50%. The driver maps the inpumbilevel digital data into three output levels.
The current swings down from a high level to onetted two lower levels b/ or 2A1 for
incoming 1 and O bits respectively, and returnkldache high level in half the bit peridd The
drive amplitude is adjusted to generate adiabdtippofAf = 1/T or 2Af = 2/T for the input
current swingsAl and2Al respectively. The produced adiabatic chirp shiies phase of the

optical field by
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T/2

AQ = 2nf AF(0)dt (2.24)
0

during the two lower levels, resulting in phaseftshof m or 2w, for input 1 and O bits
respectively. The three level intensity modulatégnal that accompanies the frequency
modulation is converted to a two level RZ signalthg following filter. As shown in Fig. 2.8.,
the laser wavelength is adjusted to the transnmssitge of the filter, so that the high level
frequencyf, is near the peak transmission and the lower lreguencied; andf, experience
high loss. The filter edge also converts the adial@hirp into flat-top chirp with abrupt phase
transitions at the lower levels. The resulting ghasodulation is automatically differentially
encoded due to the relationship between carriesgphad adiabatic chirp, eliminating the need

for a differential pre-coder.

The present approach is distinguished from theq@dng work of R. S. Vodhanel [129], in
which a DML was used to generate DPSK at 5 Gb/¢hdh work, a DFB laser was modulated
with an incoming signal that was differentially eded and then differentiated to produce short
pulses, a fraction of the bit period. The accompamnyamplitude modulation resulted in an

undesirable but small BER penalty.

The detected CML-based RZ-DPSK signal using DI bBa@.7-dB back-to-back (BtB)
penalty relative to that using MZM transmitter aBER of 10°. No differential pre-coder or
pulse carver was used in the experiment, showimgtgsimplicity. However, this approach
requires the adiabatic chirp value of two timesdhag rate, which is difficult to obtain with the
current relatively low FM efficiency value of staard DFB laser when the data rate goes up to
10 Gb/s or higher. Hence, this scheme is only dpérat 2.67 Gb/s. The three level driving
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signal also brings pattern dependence problemsddML-based RZ-DPSK transmitter, limiting
the PRBS length to’2l. What's more, it is impossible to suppress thergy with different
frequencies ofy andf; to equal, due to the finite sharpness of therfiltdnerefore, the residual
intensities on the space levels of the CML-basedPRZBK signal in this approach are uneven.

They will cause intensity noises on detection. Mm$mission experiment was operated.
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Chapter 3 Optical RZ Pulses

Generation using CML

3.1 Optical RZ pulses generation using CML driven at h#

pulse rate

3.1.1Introduction

As discussed in chapter one, optical RZ pulses baea widely used in high-speed optical fiber
transmission systems with OOK and DPSK modulatmméts, with the advantages of high
robustness towards IS, nonlinear distortions aigthdr receiver sensitivity. Conventionally, a
sinusoidally-driven MZM is used as an external putarver to generate the optical RZ pulses.
An alternative method is based on an optical PNbveed by an optical DI. Mode-locked laser
using an EAM as a mode locker is another candidédgever, external modulators suffer from

the drawbacks of high cost, high insertion lossl lange driving voltage.

In this section, we demonstrate a cost-effectivé @mwer-consuming approach to generate
high-speed optical RZ pulses using a CML, whiclegnates a directly modulated DFB laser and
a DI periodic filter in a single laser package [L3Rithout any external modulator for pulse
carving. It is designed for access and metropolitatwork applications. Both 33%-duty-cycle
and 67%-duty-cycle optical RZ pulses are generatedilitaneously at the two output ports of
the DI in the CML. The frequency of the sinusoidaling signal is half the repetition rate of the

output optical RZ pulses. The transmission perforeea of 10-Gb/s CML-RZ-pulses based RZ-
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DPSK signals with duty cycles of 33% and 67% hdge heen investigated. 70-km and 50-km
error-free SSMF transmissions have been achievethé 10-Gb/s 33%-duty-cycle and 67%-
duty-cycle CML-RZ-pulses based RZ-DPSK signalspeesively, while those based on MZM-
RZ-pulses generation could be transmitted up t&r60The former case also shows comparable
fiber nonlinearity robustness in single-channet,tesmpared with the latter approach. With the
development of 40-Gb/s DML technology [131], the@gwsed technique could generate ultra

high-speed optical RZ pulses.

3.1.20peration principle

Fig. 3.1 depicts the proposed scheme and the opeiainciple of optical RZ pulses generation
based on CML. Fig. 3.1(d) illustrates the structoféCML consisting of a DML and a DI. RZ
pulses at a pulse rate df Az can be generated by directly modulating thétdouiDML with a
sinusoidal clock at a frequency bHz, and carefully set the frequency offset positad the
built-in DI, which has a FSR value of Bz, as shown in Fig. 3.1(a). The built-in DML im$ed
high above the threshold with the benefits of hoghput power, wide modulation bandwidth,
single mode operation, and suppression of trangiemp. Fig. 3.1(c) shows the intensity and
chirp characteristics of the built-in DML outpuigeal. The laser generates an accompanying
adiabatic chirp which follows the intensity waveforchange. The peak level is blue shifted
relative to the bottom level. The frequency dewiatof 2Af between the peak level and bottom
level of the DML output signal equals the FSR o thuilt-in DI. If the DML output signal is
biased at the DI transmission maximum, the 33%-dytfe RZ pulses at the pulse rate bH2

are produced, as depicted in Fig. 3.1(b). If thelDdMtput signal is biased at the DI transmission
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minimum, it generates the 67%-duty-cycle RZ puksabe pulse rate off Hz.
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Fig. 3.1 Proposed scheme and operation principtptfal RZ pulses generation based on CML: (a)simaission

function of DI, (b) CML output, (c) DML output, and) structure of CML

3.1.3Experiments and results

We have experimentally demonstrated the generamontransmission of the 10-Gb/s RZ-DPSK
signal using CML-RZ-pulses, as shown in Fig. 3.2 &khployed a commercially available DML
module (NEL: NLK5C5EBKA) and a commercially availalDI to simulate the CML in the
experiment. The input impedance, threshold curr@md, cut-off frequency of the DML were 50
ohms, 15 mA, and 18 GHz, respectively. The DI h&B& of 10 GHz. The DML was directly

modulated with a 5-GHz sinusoidal signal. The arivvoltageV,, was 2.3 V, and the laser was
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biased at 80 mA. A LiNb®single-waveguide PM was then employed so as toulate the
generated optical RZ pulses using a 10-Gb/s NRZ dith PRBS length of-1. The central
wavelength of the generated optical RZ-DPSK sigmas around 1551.3 nm. The measured
powers of the DML output signal, the 33%-duty-cyBl& pulses, and the 67%-duty-cycle RZ
pulses were 6.7 dBm, 3.0 dBm, and 3.2 dBm, resgaygtiThe linear transmission system was
composed of a piece of SSMF. An EDFA was inserfiéel @¢he fiber to boost up the optical
power. A tunable optical band pass filter (OBPRhwi1.0 nm bandwidth was placed after the
EDFA to eliminate the excessive ASE noise. At teeeiver, the transmitted RZ-DPSK signal
was demodulated by another DI with a FSR of 10 GWe. used a 12.5-GHz PD for BER

measuring and a 40-GHz PD for eye diagrams recgiaithe same time for convenience.

5GHz DI 10-Gbis DI
Clock 10-GHz FSR Data SSMF EDFA 10-GHz FSR
L 4 \ 4
pmL—£2% o |- - [oBPF] [P
[PD]
H—/
cML

Fig. 3.2 Experimental setup of the 10-Gb/s CML-RHéspes based RZ-DPSK transmission system

Fig. 3.3 shows the BtB eye diagrams of the 5-Gidasoidal driving signal, the 5-GHz
DML output signal, the 10-GHz 33%-duty-cycle RZ smd, and the 10-GHz 67%-duty-cycle RZ
pulses. The ERs of the 33%-duty-cycle RZ pulsesthadb7%-duty-cycle RZ pulses were 10.8
dB and 9.8 dB, respectively. The respective ERh®133%-duty-cycle RZ pulses and the 67%-
duty-cycle RZ pulses were 12.7 dB and 8.3 dB withgher driving voltage of 2.7 V, while the
respective ERs of the 33%-duty-cycle RZ pulsesthrdb7%-duty-cycle RZ pulses were 4.6 dB

and 11.3 dB with a lower driving voltage of 1.7 V.
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(a) 50 ps/div (b) 59giv (c) 50 ps/div (d) 50 ps/div

Fig. 3.3 BtB eye diagrams of (a) 5-GHz sinusoidalidg signal, (b) 5-GHz DML output signal, (¢c) 1®Hz 33%-
duty-cycle RZ pulses, and (d) 10-GHz 67%-duty-cyRIEepulses. Time scale: 50 ps/div

Fig. 3.4 shows the BtB eye diagrams of the 20-GiHas®idal driving signal, the 20-GHz
DML output signal, the 40-GHz 33%-duty-cycle RZ srd, and the 40-GHz 67%-duty-cycle RZ
pulses. The laser was biased at 120 mA and thendrvoltage was 5.1 V. The DI here had a
FSR of 40 GHz. The ERs of the 33%-duty-cycle RZspslland the 67%-duty-cycle RZ pulses
were 5.6 dB and 4.1 dB, respectively. The poor ERlenthe measured duty cycle inaccurate.
The ER of CML-RZ-pulses could be further enhancedising DML with higher FM efficiency
and DI with higher ER. Therefore, the proposed seheould generate 40-Gb/s RZ-DPSK

signal or 40-Gbaud RZ-DQPSK signal based on CMLgREes using the same module.

(a) 50 ps/div (b) 50dre (c) 50 ps/div (d) 50 ps/div

Fig. 3.4 BtB eye diagrams of (a) 20-GHz sinusodtaling signal, (b) 20-GHz DML output signal, (4)-GHz

33%-duty-cycle RZ pulses, and (d) 40-GHz 67%-dutgie RZ pulses. Time scale: 50 ps/div

In the control experiment, we employed a DFB ldeelCW light and a MZM as the pulse

carver to generate the 10-GHz 33%-duty-cycle RZ&egmilor 67%-duty-cycle RZ pulses. The
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respective driving voltages were 7.6 V and 6.2 Me Tnsertion loss of the MZM was around 7
dB. The corresponding ERs of the 33%-duty-cycle jRilses and 67%-duty-cycle RZ pulses
were 6.9 dB and 12.0 dB. The low ER of 33%-dutyleyRZ pulse was due to the limited
dynamic range of the modulator driving amplifierouar laboratory. Fig. 3.5 shows the respective
optical spectra of the 10-GHz RZ pulses based oh @wl MZM. The 10-GHz 33%-duty-cycle
CML-based RZ pulses exhibited slightly more compsuetctrum, as compared to that based on
MZM. The 10-GHz 67%-duty-cycle CML-based RZ pulsedibited the carrier-suppressed
property with two 10-GHz-separated peaks, simipathiat based on MZM, except that the two

peaks were unequal in power, due to the residtethgity modulation of the DML output signal.

-10

Resolution:
0.06 nm
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.35
——33% CML PuIse\\
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15651.04(nm) 1551.2 1551.36 1551.52 1551.68

Fig. 3.5 Optical spectra of 10-GHz CML- and MZM-bd<RZ pulses
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We have compared the transmission performance@f €D and nonlinearity tolerances
between the 10-Gb/s CML-RZ-pulses based RZ-DPSHKasignd the MZM-RZ-pulses based
RZ-DPSK signal using single detection. The driviiadtage of the DML was tuned to generate
the 33%-duty-cycle CML-based RZ pulses with ER & 8B and the 67%-duty-cycle CML-
based RZ pulses with ER of 11.3 dB, separatelyfdiocomparison with MZM cases. The DML
bias was set to be 120 mA when generating the 6d8taycle CML-based RZ pulses to
suppress the inequality of the two spectral peddamve in Fig. 3.5. The residual intensity
modulation of the DML here could be completely reem by using FM-DBR laser [104]. Fig.
3.6 shows the BtB eye diagrams of demodulated 18-GIML-RZ-pulses based RZ-DPSK
signals with duty cycles of 33% and 67% at the twtput ports of the DI at the receiver. The

uneven bottom line in Fig. 3.6(b) was attributedh® low ER of 33%-duty-cycle RZ pulses.

(a) 20 ps/div (b) 20de (c) 20 ps/div (d) 20 ps/div

Fig. 3.6 BtB eye diagrams of the demodulated 16s@&2-DPSK signals with CML-based RZ pulses: (a) 38%
one port of the DI, (b) 33% at the other port &f D, (c) 67% at one port of the DI, (b) 67% at thieer port of the

DI. Time scale: 20 ps/div

Fig. 3.7 depicts the receiver sensitivities at BERLO° measured after various lengths of
SSMF transmission for the 10-Gb/s RZ-DPSK signalseld on CML-RZ-pulses and MZM-RZ-
pulses. The insets show the respective eye diagodRZ-DPSK signals based on CML-RZ-

pulses and MZM-RZ-pulses after SSMF transmissianguthe 40-GHz PD. There were still

63



reasonable eye openings for the CML-RZ-pulses baR@dDPSK signals after SSMF
transmission. The intensity noises shown in the diggrams would be alleviated by using the

12.5-GHz PD.
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Fig. 3.7 Measured CD tolerance for 10-Gb/s RZ-DRg&jals based on CML and MZM. Insets show the retbpe

eye diagrams after SSMF transmission using 40-GbiZTime scale: 20 ps/div.

Fig. 3.8 shows the measured BER performances ét@Gb/s RZ-DPSK signals based on
CML-RZ-pulses and MZM-RZ-pulses. 70-km and 50-kmoefree SSMF transmissions with
power penalties of 6.0 dB and 5.2 dB were achidgethe 10-Gb/s CML-RZ-pulses based RZ-
DPSK signals with duty cycles of 33% and 67%, respely, with reference to their BtB
receiver sensitivities at BER of 0No BER error floor was observed for the CML-RZg8s
based RZ-DPSK signals after SSMF transmission. gkscbmparison, the MZM based ones

could be transmitted up to 60-km with power pepaldf 4.5 dB and 7.6 dB, respectively, with
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reference to their BtB receiver sensitivities atB& 10°.

33% RZ-DPSK CML BtB
33% RZ-DPSK CML 70 km
67% RZ-DPSK CML BtB
67% RZ-DPSK CML50 km
33% RZ-DPSK MZM BtB
33% RZ-DPSK MZM 60 km
67% RZ-DPSK MZM BtB
67% RZ-DPSK MZM 60 km
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Fig. 3.8 BER measurements for 10-Gb/s RZ-DPSK s$igoased on CML and MZM.

We have further measured and compared the fibdmmamity tolerance of the 10-Gb/s RZ-
DPSK signals based on CML-RZ-pulses and MZM-RZ-gsil; single-channel test. One span
of 80-km SSMF was used. The CD of the SSMF was emsgted with dispersion compensating
module (DCM). The power launched into the SSMF wassed from 0 dBm to 16 dBm. The
results were shown in Fig. 3.9. The CML-RZ-pulsesdunl RZ-DPSK signals demonstrated
comparable tolerance to high launch power, compangd the MZM-RZ-pulses based ones.
With reference to their respective receiver sevisigs around BER of I8 at 0-dBm launch
power, the 33%-duty-cycle CML-RZ-pulses based RZSRBignal, 67%-duty-cycle CML-RZ-
pulses based RZ-DPSK signal, 33%-duty-cycle MZM{Rifses based RZ-DPSK signal, and

67%-duty-cycle MZM-RZ-pulses based RZ-DPSK sigsaffered from power penalties of 1.1

65



dB, 2.4 dB, 1.4 dB, and 0.8 dB, respectively, antznh power of 16 dBm. Their respective eye

diagrams were shown in the insets of Fig. 3.9,qutwe 40-GHz PD.
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Fig. 3.9 Measured nonlinearity tolerance for 10<3RZ-DPSK signals based on CML and MZM. Insets stimv

respective eye diagrams at launch power of 16 dBimgu40-GHz PD. Time scale: 20 ps/div.

3.1.4Discussion

Fig. 3.10 shows the operation principle of 67%-dtpgle RZ pulses generation based on CML.
The DML output signal is biased at the DI transiobissninimum. The phase shif between

the peak intensity and bottom intensity of DML auitpignal is given by

3T/4

AQ =27 J Af(t)dt
T/4
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—1><2 X 2A r
2T /3

=T (3.1

whereT is the time period of the sinusoidal driving sigriBherefore, there will b& phase
change for the adjacent RZ pulses at the CML oufphis proves that the CML-based 67%-

duty-cycle RZ pulses are CSRZ-type.
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Fig. 3.10 Operation principle of 67%-duty-cycle Rdlses generation based on CML: (a) transmissipatifon of

DI, (b) CML output, and (c) DML output.

3.1.5Summary

In this section, we have proposed and experimgnti@inonstrated the generation of 33%-duty-
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cycle and 67%-duty-cycle optical RZ pulses usinglCMriven by a sinusoidal signal at half
pulse rate, without any external pulse carver. Single channel transmission performances of
10-Gb/s RZ-DPSK signals based on CML-RZ-pulses sashtolerances in fiber CD and
nonlinearity have been experimentally characterizetli compared with the equivalents
generated using MZM pulse carver. We have alsaidgsad that the CML-based 67%-duty-cycle

RZ pulses are CSRZ-type.

3.2 Optical RZ pulses generation using CML driven at oe-

fourth pulse rate

3.2.1Introduction

As mentioned in chapter one, optical RZ pulses ttegewith OOK and DPSK modulations
show superior tolerance to the distortions indulbgdSI, PMD, and nonlinear effects. These
modulation formats also enjoy high receiver sevisigis. With the increased capacity of optical
fiber communication systems, high-speed opticalgrEes are desirable. The common way to
generate optical RZ pulses is to use a MZM sinuwghyidiriven at the same or half pulse rate as
an external pulse carver. To produce optical RBgsuat higher speed, several schemes using
external modulators were proposed. The RZ pulsesrgéon at four-fold of the electrical clock
was reported using a PM plus two polarization-namhg fibers (PMFs) and two polarizers
[132]. In [133], a RZ pulses generator comprisimgoxerdriven MZM at one-fourth data rate
and a following equalizer was investigated theoadlty. However, the external modulators suffer

from the drawbacks of extra cost, high insertiags|and large driving voltage.
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In the last section, we have demonstrated the geaerof 10-GHz optical RZ pulses with
duty cycles of 33% and 67% using CML, which integsaa directly modulated DFB laser and
an optical DI periodic filter in a single laser gage. The output optical RZ pulse rate is two

times the frequency of the driving signal.

In this section, we propose and experimentally destrate the generation of 20-GHz 33%-
duty-cycle and 20-GHz asymmetric-duty-cycle opti€ad pulses using CML driven at one-
fourth pulse rate. No external modulator or add#éioequalizer is required. The transmission
performance of 20-Gb/s CML-RZ-pulses based 33%-dytye RZ-OOK signal in SSMF has
also been investigated. It shows comparable fid@rt@erance, compared with that generated

via external pulse carver.

3.2.20peration principle

Fig. 3.11 depicts the proposed scheme and the toperarinciple of optical RZ pulses
generation based on CML driven at one-fourth prage. Fig. 3.11(d) illustrates the structure of
CML consisting of a built-in DML and a built-in Dderiodic filter. Optical RZ pulses at a pulse
rate of 4 Hz can be generated by directly modulating the DMth an electrical clock at a
frequency off Hz, and carefully set the frequency offset positad the DI, which has a FSR
value of 2 Hz, as shown in Fig. 3.11(a). The DML is biaseghh@bove the threshold with the
benefits of high output power, single mode opemgtizvide modulation bandwidth, and
suppression of transient chirp and residual intgmapdulation. Fig. 3.11(c) shows the intensity
and chirp characteristics of the DML output signéhe laser generates an accompanying

adiabatic chirp which follows the intensity waveforchange. The peak level is blue shifted
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relative to the bottom level. The frequency dewiatof 2Af Hz between the peak level and
bottom level of DML output signal equals two tin® FSR of the DI. If the peak level and
bottom level of DML output signal are set at thenimum of DI transmission function, the
optical RZ pulses at the pulse rate bH& with 33% duty cycle will be produced, as degicin

Fig. 3.11(b). If the peak level and bottom leveDWIL output signal are set at the maximum of
DI transmission function, as shown in Fig. 3.12 dptical RZ pulses at the pulse rate bH4
with asymmetric duty cycle will be produced. Foe tatter case, the duty cycles for the adjacent
optical RZ pulses are 33% and 67%, respectivelys Technique could be generalized to
generate the optical RZ pulses at six times thekctate or even higher using CML with larger

driving amplitude or higher FM efficiency.
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Fig. 3.11 Proposed scheme and operation principdgtical RZ pulses generation based on CML driaeane-

fourth pulse rate: (a) transmission function of (), CML output, (c) DML output, and (d) structuweCML
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Fig. 3.12 Spectral position of DI fof Asymmetric-duty-cycle optical RZ pulses generatiased on CML: (a)

transmission function of DI, and (b) DML output

3.2.3Experiments and results

We have experimentally demonstrated the generatiohtransmission of the 20-Gb/s RZ-OOK
signal using CML-based RZ pulses, as shown in Bi@3. We employed a commercially
available DML module (NEL: NLK5C5EBKA) and a comroally available DI to simulate the
CML in the experiment. The input impedance, thréshmurrent, FM efficiency, and cut-off
frequency of the DML were 50 ohms, 15 mA, ~0.2 Ghi/and 18 GHz, respectively. The DI
had a FSR of 10.6 GHz. The DML biased at 180 mA diasctly modulated with a 5-GHz
electrical clock. The driving voltage was amplified4.9 V using an electrical amplifier (Amp.).
An intensity modulator (IM) was then employed sotasmodulate the generated optical RZ
pulses with a 20-Gb/s*21 PRBS data. The central wavelength of the gee@i@Z-OOK signal
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was around 1553.1 nm. The measured powers of the @Nput signal, the 33%-duty-cycle RZ
pulses, and the asymmetric-duty-cycle RZ pulsesewdr.0 dBm, 6.7 dBm, and 7.9 dBm,
respectively. The linear transmission system waspased of a piece of 10-km SSMF. An EDFA
was inserted after fiber to boost up the opticalgo A tunable OBPF with ~1.0 nm bandwidth
was placed after the EDFA to eliminate the ASE @ofs the receiver, the transmitted RZ-OOK
signal was detected using a 35-GHz photoreceivetaging a waveguide-integrated pin-
photodiode and a transimpedance amplifier (TIA)e Hetected signal was demultiplexed by a
1:4 electrical demultiplexer (DEMUX) and then sdot the BER-tester (BERT) for BER
measuring. In the control experiment, we employ&F8 laser for CW light and a MZM driven
by 20-GHz clock as external pulse carver to gerdfat 20-GHz optical RZ pulses. The driving

voltage and insertion loss of the MZM were 4.1 \ &2 dB, respectively.

10.6-GHz 20-Gbls

DI Data SSMF
Amp. v EDFA 1:4
5-GHz [l
Clock ™ DML ——= M @ >— OBPF | PIN-TIA }-{ DEMUX ] BERT ]
H_J
CML

Fig. 3.13 Experimental setup of the 20-Gb/s CML-Rises based RZ-OOK transmission system

Fig. 3.14(a)-(e) show the BtB eye diagrams of tHeHy electrical clock, the 5-GHz DML
output signal, the 20-GHz CML-based 33%-duty-cyBlg pulses, the 20-GHz CML-based
asymmetric-duty-cycle RZ pulses, and the 20-GHz ME&ded RZ pulses. The ERs of the 20-
GHz CML-based 33%-duty-cycle RZ pulses, the CMLdahasymmetric-duty-cycle RZ pulses,
and the MZM-based RZ pulses were 9.4 dB, 7.8 dBldndl dB, respectively. When the driving
voltage of DML was improved to 8.0 V, the 30-GHz Cldased RZ pulses would be produced,

which was six times the clock rate. Fig. 3.14(f)-¢how the BtB eye diagrams of the 30-GHz
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CML-based 33%-duty-cycle RZ pulses and the asymaetity-cycle RZ pulses with ERs of

~6.0 dB. The intensity fluctuations of the 30-GHllGbased RZ pulses could be eliminated by
using a DI with a FSR of 10 GHz and further supgiresthe residual intensity modulation of the
DML output signal. On the other hand, the ER of @ML-based RZ pulses could be further

enhanced by using DML with larger FM efficiency @dbwith higher ER.

(a) 50 ps/div

9 i 9
(e) 50 ps/div (f) 50 ps/d (9) 50 ps/div

Fig. 3.14 Eye diagrams of the (a) 5-GHz electratatk, (b) 5-GHz DML output signal, (c) 20-GHz CMiased
33%-duty-cycle RZ pulses, (d) 20-GHz CML-based astric-duty-cycle RZ pulses, (e) 20-GHz MZM-basetl R
pulses, (f) 30-GHz CML-based 33%-duty-cycle RZ palsand (g) 30-GHz CML-based asymmetric-duty-cirde

pulses. Time scale: 50 ps/div

Fig. 3.15 shows the respective optical spectrh®B:-GHz DML output signal and 20-GHz
CML-based RZ pulses. The spectrum of the 5-GHz Diitput signal shows that 20-GHz
adiabatic chirp was generated by directly moduiptire DFB laser. The spectrum of the 20-GHz
CML-based 33%-duty-cycle RZ pulses denotes thabDiheorked as a periodic filter to extract
spectral components spaced by 10 GHz. The 20-GHL-G&Aded asymmetric-duty-cycle RZ

pulses exhibited carrier-suppressed property with20-GHz-separated peaks.
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Fig. 3.15 Optical spectrum of the 5-GHz DML outpignal and 20-GHz CML-based RZ pulses

We have compared the transmission performancebef ICD tolerance between the 20-
Gb/s CML-RZ-pulses based and MZM-RZ-pulses basedORK signals. Fig. 3.16 shows the
eye diagrams of 20-Gb/s CML-based and MZM-basedassgbefore and after 10-km SSMF.
The 20-Gb/s CML-based 33%-duty-cycle RZ-OOK sigtedwed comparable eye opening after
10-km SSMF, compared with that based on MZM. Howeube 20-Gb/s CML-based
asymmetric-duty-cycle RZ-OOK signal showed unevasrisities for adjacent bits after 10-km
SSMF. Fig. 3.17 shows the measured BER perfornsafmethe 20-Gb/s CML-based and
MZM-based RZ-OOK signals before and after 10-km $SWhe 20-Gb/s CML-based 33%-
duty-cycle RZ-OOK signal suffered a power penaft9.@4 dB at BER of 1 after transmission,
with reference to its BtB receiver sensitivity @D-86 dBm. The BtB receiver sensitivity at BER
of 10° of the 20-Gb/s CML-based asymmetric-duty-cycle ®@K signal was -11.17 dBm. As a

reference, the 20-Gb/s MZM-based RZ-OOK signaleseff a power penalty of 1.56 dB at BER
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of 10° after transmission, compared with its BtB recesemsitivity of -12.16 dBm

(a) 50 ps/div

(c) 50 ps/div

BTSRRI, D R Sl -‘

(e) 50 ps/div (f) 50 ps/div
Fig. 3.16 Eye diagrams of the 20-Gb/s (a)-(b) CMiséd 33%-duty-cycle RZ-OOK signal, (c)-(d) CML-bdse
asymmetric-duty-cycle RZ-OOK signal, and (e)-(f) Mdbased RZ-OOK signal before and after 10-km SSMF.

Time scale: 50 ps/div

—-@— CML 33% RZ-OOK BtB
10'2 " wf= CML 33% RZ-OOK 10 km
== CML Asymmetric RZ-OOK BtB

I MZM RZ-OOK BtB
MZM RZ-OOK 10 km

107
10-10 1 1 1 1
135 -13 -125 -12 -115 -11 -105 -10

Received Power (dBm)

Fig. 3.17 BER performances for 20-Gb/s CML- and MBkked RZ-OOK signals before and after 10-km SSMF
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3.2.4Summary

In this section, we have proposed and experimgntEmonstrated the generation of 20-GHz
33%-duty-cycle and asymmetric-duty-cycle optical Ridlses using CML driven by 5-GHz

clock. No external modulator or additional equalimeneeded. The tolerance in fiber CD of the
20-Gb/s RZ-OOK signals based on CML has been exgertally characterized and compared
with that generated using MZM. The extension taa@htRZ pulses generation at even higher

fold rate using CML is also investigated prelimihar

3.3 Summary and discussion

In this chapter, we have proposed and experimgnti@inonstrated the generation of 10-GHz
optical RZ pulses using CML driven by half pulsterand 20-GHz optical RZ pulses using CML
driven one-fourth pulse rate. The working rulessblished on the designed adiabatic chirp with
sinusoidal shape, which is further reshaped witbl geriodic filter. The RZ-DPSK and RZ-
OOK signals based on the CML-RZ-pulses with differduty cycles show good transmission
performances of CD and nonlinearity tolerance, camaple with the equivalents using MZM.
Moreover, CML occupies smaller device space, tdd@er cost, and consumes less power than

MZM transmitter.

The laser bias plays an important role in genematid optical RZ pulses using CML.
Higher bias would further suppress the residuanisity modulation of DML, though it could

not be completely suppressed. To further improwe ghality of CML-based RZ-pulses, FM-
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DBR laser which has constant output power can lexl us suppress the residual intensity

modulation of DML.

The inherent transfer curve of CML-based RZ-pulssmdmitter is similar to that using
MZM, governed by the trigonometric function, reguit in the same duty-cycle RZ pulses.
Nevertheless, the obtained ER will affect the dctiwdy cycle of RZ pulses achieved in the
experiment, especially when the ER is poor. Theegfthe ER enhancement of DI is another
important technical aspect for consideration torionp the performance of CML-based RZ-

pulses.

For the generation of optical RZ pulses with higpelse rate using CML, either driven by
the higher-frequency sinusoidal signal or driventbhy larger-amplitude sinusoidal signal, the

laser with large modulation bandwidth and high Alitency is essential.
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Chapter4 M-ary RZ-DPSK Signals

Generation using CML

4.1 RZ-DPSK signal generation using CML and pulse carve

4.1.1Introduction

As described in chapter one, RZ-DPSK is a promisimaglulation format in long-haul WDM

transmission system due to the advantages of 3igliehreceiver sensitivity than OOK when
using balanced detection and robustness agairest BMD and nonlinearities. The typical RZ-
DPSK transmitter is based on MZM or PM for exterphhse modulation and electrical pre-
coder for differential encoding. Nevertheless, endé modulators suffer from the drawbacks of
high cost, high insertion loss, and large drivingitage. What's more, electrical pre-coder

increases extra cost, footprint, and power consiamor the transmitter.

In chapter two, 2.67-Gb/s RZ-DPSK signal was oladinsing CML [128]. No external
modulator or differential pre-coder was used. ThHdLCshowed comparable BtB receiver
sensitivity to a LINb@ MZM transmitter with separate phase coding. Howetree operation
speed of that scheme is hardly scalable to 10 @i#g0 the required high adiabatic chirp value,
which is two times the modulation frequency. TheBBRength of the driving signal was limited

to 2-1 for the three-level driving signal. No transnissperformance was studied.

In this section, we demonstrate a new approactetergte RZ-DPSK signal using CML

and pulse carver at higher date rate (10 Gb/s)\atidlonger PRBS data 121). We employ a
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commercially available 10-Gb/s CML (Finisar DM80}0®vhich is the same as the one used in
[128]. No differential encoder or PM is requiredhéeldriving signal for the CML is in two-level
Inverse-RZ (IRZ) format, instead of three-level Rfmat. The required adiabatic chirp value is
the same as the data rate. After 70-km transmissio®SMF without CD compensation, the
proposed CML-based 10-Gb/s RZ-DPSK signal showsutaBalB higher receiver sensitivity
and comparable nonlinear tolerance performance, paced with that generated by a

conventional LINb@Q PM.

4.1.20peration principle

Fig. 4.1 depicts the proposed scheme of 10-Gb/REK transmission system based on CML

and pulse carver. The transmitter consists of ahdRver, a CML, and a pulse carver.

10-Gb/s

Clock 10-Gb/s
DI
10_Gb/SD IRZ Clozck SSMF EDFA
Data L 4 A 4
|| Pulse (. OBPF ri‘_ m
ML [Use >-{OBPFLIL L o

Fig. 4.1 Proposed scheme of 10-Gb/s RZ-DPSK trassor system based on CML and pulse carver

Fig. 4.2 illustrates the operation principle thrbugntensity, frequency and phase
characteristics of output signals of the driverBDBser (inside CML), filter (inside CML), and
pulse carver. The IRZ-shaped data sequence 10114i@®4 duty cycle of 50% is generated, via
a commercial logic NAND gate with power consumptioh275 mW, before being used to
directly modulate the CML. The laser is biased ragbve the threshold with the benefits of high
output power, single mode operation, wide modutabandwidth, and suppression of transient
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chirp. The driving voltag®,, is adjusted to induce adiabatic chixp given by
Af =1)T (4.1)

whereT is time period of the driving signal. The adiabathirp generates phase sli#, which
is governed by

T

z
AQ = an Af(t)dt

0
=21 X 1/T X T/2
=T (4.2)

during low level period. Here, the adiabatic chigdue required for the 10-Gb/s RZ-DPSK is 10
GHz while 20 GHz would be necessary in [128]. Télative spectral locations of the DFB laser
and filter in CML are detuned to pass the signahgonent with high level frequendy and
suppress the signal component with the low levejdencyf, to increase the ER of the optical
signal. This filter also helps to change the slowhanging phase shifts into abrupt phase
transitions. The output of the filter is an IRZ-ORSignal, in which both the intensity and
differentially encoded phase carry the same ddtarimation. The pulse carver carves the second
half-bit of the phase-modulated signal, thus gammegydahe RZ-DPSK signal with a duty cycle of
50%. The phase modulation is intrinsically diffarally encoded, similar to [128]. No
differential encoder or PM is needed. This schemédcbe generalized to generate RZ-DQPSK
signal, where the two input data streams are in fiithat with differentVy, and are combined

by a passive RF combiner to drive the CML.
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Fig. 4.2 Operation principle of RZ-DPSK signal gextmn based on CML and pulse carver

4.1.3Experiments and results

We have experimentally demonstrated the propose®ll® RZ-DPSK transmission system
based on CML and pulse carver, as shown in Fig.Welused a standard CML module (Finisar
DM80-01) in the experiment. The input impedancegghold current, and FM efficiency of the
DFB laser were 50 ohms, 25 mA, and 0.24 GHz/mApeesvely. The filter in DM80-01 had a
3-dB bandwidth of 11 GHz and an average slope BfdB/GHz. The DFB laser was directly
modulated with a 10-Gb/s*21 PRBS IRZ data. The driving voltay, was ~2.0 V. The laser
was biased at 80 mA. The central wavelength ofadigfter the filter was 1555.48 nm. A MZM
driven by 10-Gb/s clock was used as the pulse cafve output power after the pulse carver
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was ~0.2 dBm. The linear transmission system wagposed of SSMF. An EDFA was inserted
after fiber to boost up the optical power. A tuaRIBPF with ~1.0 nm bandwidth was placed
after the EDFA to eliminate the ASE noise. At tleeaiver, the transmitted RZ-DPSK was

demodulated by a 1-bit optical DI before being degé by the PD.

(a) 20 ps/div

(c) 20 ps/div

(d) 20 ps/div (e) 20 ps/div

Fig. 4.3 Eye diagrams of (a) IRZ driving signal) (RZ-DPSK signal, (c) RZ-DPSK signal, (d) demodathRz-
DPSK signal at the destructive port of DI, anddeinodulated RZ-DPSK signal at the constructive pbBlI.

Fig. 4.3 shows the BtB eye diagrams of the IRZidg\wsignal after the driver, IRZ-DPSK
signal after CML, RZ-DPSK signal after the pulsevea, and demodulated RZ-DPSK signals at
the two output ports of the DI. The double linetlod RZ-DPSK signal, as shown in Fig. 4.3(c),
was due to the wide bandwidth of IRZ driving sigaad the limited bandwidth of the DFB laser
and filter in CML [134], as denoted in Fig. 4.3(d)emodulated RZ-DPSK signal at the
destructive port of the DI, as shown in Fig. 4.3(Qd better performance than the one at the
constructive port of DI, as shown in Fig. 4.3(ejisTphenomenon was mainly attributed to the

asymmetric shape and noise of the driving signaklaswn in Fig. 4.3(a) and the limited
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bandwidth of DFB laser and filter in the CML. TheMC based RZ-DPSK signal would have

better performance using a CML with high modulati@mdwidth and a periodic DI filter [130].

Fig. 4.4(a) shows the waveform traces at the IR¥edroutput measured by a real-time
oscilloscope. The 10111001 bit sequence was appigde transmitter. Fig. 4.4 (b) show the
detected outputs of the two ports of DI withounhsmission, respectively. The subtraction of the
top and bottom demodulated waveforms, as showngindi4(b), would regenerate the input bit
sequence correctly. It illustrated that no différ@rencoding of the original data was required for

the CML-based RZ-DPSK signal.

100ps/div

(a) 100 ps/div

100ps/div \/R

(b) 100 ps/div

Fig. 4.4(a) IRZ driving waveform for 10111001 b#gaience after the IRZ driver, and (b) demodulatadefiorms

for 10111001 bit sequence at the two output pdr3loTime scale: 100 ps/div.
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We compared the BtB tolerances in fiber CD and ineakity between the proposed CML-
based RZ-DPSK transmitter and the LiNbPM-based RZ-DPSK transmitter, using-2 PRBS
data. The PM-based RZ-DPSK transmitter was compofkadvavelength tunable DFB laser for
CW light, a LINbGQ PM for external phase modulation, and a pulseerdior signal carving.
Due to the lack of balanced detector, only the diutaded RZ-DPSK signal at the destructive

port of DI was detected for comparison.

Fig. 4.5 shows the optical spectrum of the CML-bdag&Z-DPSK signal. It exhibited
relatively more compact spectrum, as compared @b ¢h PM-based RZ-DPSK signal. Thus it

had better tolerance in fiber CD.

-10
(dBm)
Resalution: 0.06 nm

-20

-20

-40
—TCNL FZF-DP5SK
—PM RZ-DPSK

50 ' 0.08 nimidiv

1555.084 (nm) 15565484 1555 884

Fig. 4.5 Optical spectra of CML- and PM-based RZSBFsignals

Fig. 4.6 depicts the receiver sensitivities at BERLO° measured after various lengths of

SSMF transmission. The insets of Fig. 4.6 show @elL-based RZ-DPSK signal had much
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clearer eye diagram than PM-based RZ-DPSK sigted @0-km SSMF transmission.

K
w

—&— CML RZ-DPSK
——PM RZ-DPSK

102 (dBm)
KN
T

@ BER=
e
i

0 10 20 30 40 50 60 70 80
Length of SSMF (km)

Fig. 4.6 Measured fiber CD tolerances for CML-baRZdDPSK signal and PM-based RZ-DPSK signal. Insets

show the respective eye diagrams after 70-km SSkismission. Time scale: 20 ps/div.

Fig. 4.7 shows the measured BER performances &CiML-based RZ-DPSK signal and
PM- based RZ-DPSK signal. The BtB receiver sens#w for the CML-based RZ-DSPK signal
and the PM-based RZ-DSPK signal were -20.6 dBm-2td dBm, respectively. The 0.9-dB
difference in BtB receiver sensitivity was due @ tasymmetric shape and noise of the driving
signal and the limited bandwidth of the DFB lased &lter in the CML. 80-km error-free SSMF
transmission was achieved for the CML-based 10-&Z<DPSK signal, while the PM-based
10-Gb/s RZ-DPSK signal could only be transmittedto 0 km with error-free performance.
After 70-km SSMF transmission, their respective popenalties were 3.8 dB and 8.0 dB, with

reference to their BtB receiver sensitivities.
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Fig. 4.7 BER measurements for the 10-Gb/s CML-b&&&dPSK signal and PM-based RZ-DPSK signal.

We have further measured and compared the fibelineamity tolerance of both CML-
based RZ-DPSK signal and PM-based RZ-DPSK signag. €pan of 80-km SSMF was used in
this study. The fiber CD of the SSMF was compermbsatéh DCM. The power launched into the
SSMF was varied from 0 dBm to 16 dBm. The resuitisber nonlinearity tolerance for the two
cases were shown in Fig. 4.8. The CML-based RZ-DRg&jal demonstrated comparable
tolerance to high launch powers, compared withRiRebased RZ-DPSK signal. With reference
to their respective receiver sensitivities at O-dBaanch power, the CML-based RZ-DPSK
signal and PM-based RZ-DPSK signal suffered froh-dB and 1.3-dB power penalties,
respectively, at launch power of 16 dBm. At laupdwer of 14 dBm, their respective power

penalties were 0 and 0.6 dB. The insets of Fig.sh@®w their corresponding eye diagrams at
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Fig. 4.8 Measured fiber nonlinearity tolerance@L-based RZ-DPSK signal and PM-based RZ-DPSK signa

Insets show the respective eye diagrams at launeferpof 16 dBm. Time scale: 20 ps/div.

4.1.4Discussion

The CML-based RZ-DPSK transmitter has the meritahpact footprint, low cost, small
power consumption, and excellent transmission pexdoce. Here we have reported its
transmission reach of 80-km SSMF for metropolitetwork. Q. T. Leet al. have demonstrated
the applications of CML-based DPSK signal with gamatical power budget in WDM-PON
[135]-[136]. The performance of CML-based RZ-DPSgnsal in long-haul transmission system
should be investigated using coherent detectiothenfuture work. The other laser sources for
direct modulation such as vertical-cavity surfaogteng laser (VCSEL) should also have the

potential for similar application.
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4.1.5Summary

In this section, we have propose and experimenti&@iyionstrated the generation of 10-Gb/s RZ-
DPSK signal based on CML and pulse carver, witmeqtiring any differential encoder or PM.
The transmission performances of its tolerancedibar CD and nonlinearity have been
experimentally characterized and compared with geaterated by LINDOPM. The applications

of CML-based RZ-DPSK transmitter have also beeoutdised.

4.2 RZ-DQPSK signal generation using CML and pulse
carver

4.2 .1Introduction

As reviewed in the chapter one, RZ-DQPSK modulattymat has attracted much attention due
to the advantages of high receiver sensitivityyeased spectral efficiency, and strong robustness
towards fiber CD, PMD and nonlinearity impairmenfgo parallel MZMs or PMs, a 90 degree
phase shifter, and a pulse carver are the basthdocommon RZ-DQPSK transmitter. Also, the
conventional RZ-DQPSK transmitter requires compdéectrical pre-coder for differential and
gray coding. However, both the external modulatamsl electrical pre-coder make the RZ-

DQPSK transmitter bulky and power hungry.

In the last section, we have generated the 10-BB/®PSK signal using CML and pulse

carver with excellent transmission performance.

In this section, we extend to demonstrate a novkkme to generate the 20-Gb/s RZ-
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DQPSK signal using a commercially available 10-GBML. The two input data streams are
firstly encoded in binary IRZ format with differenlriving voltages and then combined by a
passive RF combiner to generate a four-level IRalito directly drive the CML. The cost,
footprint, and power consumption of RZ-DQPSK traittan can be significantly reduced as no
differential encoder or PM is required. This schesnald be generalized to generate kvary
RZ-DPSK signal, where all the Igd data streams are in IRZ format with different drgy

voltages and combined to directly modulate the CML.

4.2.20peration principle

Fig. 4.9 depicts the proposed scheme of the 20-BB/®QPSK signal generation system using
CML and pulse carver. The RZ-DQPSK transmitter @iaf two IRZ encoders, a passive RF

combiner, a CML, and a pulse carver.

10-Gb/s Clock

10-Gbls Clock : EDFA DI
10-Gb/s Data ay »lcmL | Pulse > oBPF LIFAPD]
10-Gbls Clock Carver [PD]

10-Gb/s Data by

Fig. 4.9 Proposed scheme of RZ-DQPSK generaticesyasing CML and pulse carver

Fig. 4.10 illustrates the operation principle thgbuthe intensity, chirp and phase
characteristics of the output signals of the IREasters, RF combiner, DFB laser (inside CML),

and pulse carver.
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Fig. 4.10 Operation principle of RZ-DQPSK genenatscheme using CML and pulse carver

Two IRZ-shaped data sequenegs 00111001 anth= 10011100 with duty cycles of 50%
are generated, via two commercial logic NAND gateparately, before being combined to
directly modulate the CML. The driving voltagestbé two data sequences &g and 0.5V,
respectively. The laser is biased high above thestold with the benefits of high output power,
single mode operation, wide modulation bandwidtigd guppression of transient chirp. The

driving voltageV,, is adjusted to induce adiabatic chif, which is given by

Af = 1T (4.3)
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whereT denotes the symbol period. The adiabatic chirgpgeas phase shifp, governed by

T

2
AQ = an Af (t)dt

0

=2n X 1/T X T/2

Il
A

(4.4)

during the first half-bit period of “10” symbol. T the phase shifts for the two-bit inauty of
“007, “017, “10”, and “11” are 0, 0.5z, =, and 1.5x, respectively. The maximum chirp value
required for the CML to generate the 20-Gb/s RZ-B®Rignal is 15 GHz. The relative spectral
locations of the laser and filter are detuned tange the signal ER. The pulse carver with a duty

cycle of 50% carves the second half-bit of the phasdulated signal, thus generating the RZ-

DQPSK signal.
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Fig. 4.11 Simulated (a) chirp profile of DFB lasertput signal, (b) phase profile of DFB laser otitgignal, and (c)

phase profile of pulse carver output signal for B@PSK generation using CML

Fig. 4.11 shows the simulated intensity, chirp phdse profiles of the DFB laser and pulse
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carver output signals for RZ-DQPSK generation usiDNIL. The phase modulation is

intrinsically differentially encoded. Neither diffntial encoder nor PM is needed.

At the receiver, the phase differences of 0,7#).b, and 1.5t corresponding to the two-bit
input ax by of “007, “01”, “10”, and “11” are demodulated intavo-bit outputpx g of “11”, “01”,

“007, and “10”, respectively, shown via simulatiogsults in Fig. 4.12 (a) and (b).
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Fig. 4.12 Simulation of (a) the demodulated outtatap,, and (b) the demodulated output dgtat two output

ports of the DI

Table 4.1(a) and (b) show that the relationshipsraminput data, phase difference, and
demodulated output data of CML-based RZ-DQPSK signd PM-based RZ-DQPSK signal

are different. Therefore, decoding processes of

/= qy (4.5)
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and

h{: pk(‘B Ok (46)

are necessary to retrieve dataand datdy correctly at the receiver for CML-based RZ-DQPSK
signal. Table 4.1(c) shows that the complementady>¥OR operations can also be implemented

at the transmitter site instead of the receives id CML-based RZ-DQPSK.

Table 4.1 The relationships among input data, pddsence, and demodulated output data of (a) &ked RZ-
DQPSK signal, (b) PM-based RZ-DQPSK signal, angfefoding at the transmitter site instead of depdt the

receiver side for CML-based RZ-DQPSK.

Input Data Phase Diff. Demodulated Output data
axby Ag Pqx
00 0 11
01 051 01
10 ™ 00
11 1.5 10
(a)
Input data Phase Diff. Demodulated Output Data
akbk A¢ Pxq«
00 ™ 00
01 0.5 01
10 1.5 10
11 0 11

(b)
Input Data  Precoding Operation Precoded Data Phaze Diff. Demodulated Output data
ay by ak*bk* ¢ P«qx
00 — 10 0 00
01 ay*=bi 01 0.5 01
10 bi*=a; ® by 11 1.5 10
11 00 1] 11
(c)
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4.2.3Experiments and results

We have experimentally demonstrated the propose®l® RZ-DQPSK generation system
using CML and pulse carver, as shown in Fig. 4.8. Wed a standard CML module (Finisar
DM80-01) in the experiment, which is the same a&sdhe used in [128]. The input impedance,
threshold current and FM efficiency of the DFB laaee 50 ohms, 25 mA and 0.24 GHz/mA,
respectively. The filter in DM80-01 has a 3-dB bardth of 11 GHz and an average slope of 1.5
dB/GHz. Two 10-Gb/s IRZ data streams with respectiviving voltages of 1.6 V and 0.8 V
were combined by a passive RF combiner before tiiremdulating the DFB laser usind-2
PRBS. The laser was biased at 85 mA. The centrakleagth of signal after the filter was
1555.47 nm. A MZM driven by a 10-GHz clock was ussdhe pulse carver. The output power
after the pulse carver was -0.5dBm. An EDFA wasriesl at the receiver to boost optical signal
power. A tunable OBPF with ~1 nm bandwidth wasagtdr the EDFA to eliminate ASE noise.
The generated RZ-DQPSK signal was demodulated byia optical DI before being detected
by a PD. The phase difference between the two asmBl was adjusted by controlling

temperature and bias to demodulate datnd datdy, respectively.

Fig. 4.13 shows the experimental (upper) and cparding simulated (lower) BtB eye
diagrams of the signals after the RF combiner, Clllse carver, and demodulated data
signal at one port of the DI. The multiple linesRZ-DQPSK signal shown in Fig. 4.13 (c) are
due to the imperfect driving signal and limited ratzdion response of the DFB laser in CML, as

shown in Fig. 4.13 (a) and (b), respectively.
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Fig. 4.13 Experimental (upper) and correspondinguated (lower) eye diagrams of (a) signal after Rir
combiner, (b) signal after the CML, (c) RZ-DQPSHgredl after the pulse carver, and (d) demodulat¢aaiasignal

at one port of the DI

Fig. 4.14 shows the waveform traces measured bgaktime oscilloscope. Two data
sequencesy, = 00111001 and= 10011100 were applied to the transmitter. Theragbon of
the bottom and top demodulated waveforms, as shiowfkig. 4.14 (c), would correctly
regenerate the input bit sequersgeDecoding process of (4.6) would also regenetaerput
bit sequencéy, as shown in Fig. 4.14 (c) and (d). It illustratiest no differential encoding of the
original data is required. The uneven marks anctdlating spaces of demodulated signals shown
in Figs. 4.14(c) and (d) are attributed to the infget driving signal shown in Fig. 4.13(a) and
Fig. 4.14(b) and the limited modulation responsé &hirp value of the DFB laser. Since
decoding process of (4.6) was not performed herdy ¢the BtB BER performance of
demodulated RZ-DQPSK dagasignal at one port of the DI was measured. The @itiver
sensitivity at BER of 18 for CML-based RZ-DQPSK signal was -15.31 dBm. The

corresponding eye diagram is shown in Fig. 4.13 (d)
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Fig. 4.14 Waveform traces for signals (a) of dgtandby, (b) after the RF combiner, (c) of demodulatechgptt

the two output ports of DI, and (d) of demoduladediagy at the two output ports of DI
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4.2.4Discussion

Fig. 4.15 shows the simulated constellation diagrahCML-based RZ-DQPSK signals with
different duty cycles of 50% and 33%. The duty egchre changed by controlling the pulse
carver. It denotes that the phase transitions lmtwike different symbols in CML-based RZ-

DQPSK signal become sharp with a smaller duty cycle

Im{E}
Im{E}

Fig. 4.15 Simulated constellation diagrams of CMiséd RZ-DQPSK signals with different duty cyclegaf50%

and (b) 33%

4.2.5Summary

In this section, we have proposed and experimgnteimonstrated a simple and cost-effective
20-Gb/s RZ-DQPSK transmitter using CML and pulseveq without requiring any differential

encoder or PM. This scheme could be generalizggnerateM-ary RZ-DPSK signal. We have
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also discussed the impact of different duty cyadasthe phase shifts of the CML-based RZ-

DQPSK signal.

4.3 ¥%-RZ-DQPSK signal generation using single CML

4 .3.1Introduction

As described in chapter one, RZ-DQPSK is a promisignal modulation format in optical
access, metropolitan, and long-haul WDM transmissigstems, due to its advantages of high
receiver sensitivity using balanced detection, lsgactral efficiency, and large tolerance to fiber
CD, PMD, and narrow optical filtering. However, anwentional optical RZ-DQPSK signal
transmitter requires a complicated differential aer, as well as several bulky and power-

hungry external modulators.

In the last section, we have employed a 10-Gb/s-2BBr based CML and an externally
modulated pulse carver to generate the 10-GbaudabptZ-DQPSK signal, without the need of
any differential encoder or PM. However, the BtERB performance is poor, which may be
attributed to the low bandwidth of the DFB laseryeell as the small value of available adiabatic
chirp. The transmission performance is not ye¢msively characterized. In addition, the use of

an external pulse carver for RZ signal generatiaken that scheme less attractive.

In this section, we propose and experimentally destrate the generation and transmission
of 10-Gbaud optical %-RZ-DQPSK signal using sirgBR-laser based CML, without the need
for an external pulse carver. In this new signaiat, the symbols with a differential phase shift

of 0 remain NRZ, while those with differential plkashifts of 0.5t, n, and 1.5t are RZ; hence is
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named as ¥%- RZ-DQPSK. No differential encodinghéeded. We have realized error-free
transmission over 60-km SSMF without any disperstmmpensation. Besides, no OSNR
penalty is induced. We have also investigatedripact of different optical spectrum reshaper
(OSR) filters in CML on the transmission performenéor instance, fiber CD tolerance. The
impact of the amplitude fluctuation in the drivirgignal on the BER performance of the
generated CML-based %-RZ-DQPSK signal is also dbariaed to be quite small. Only 1.17-
dB OSNR penalty is induced for the BtB BER with #2% / -14.1% amplitude variations in the

driving signal.

4.3.20peration principle

Fig. 4.16 depicts the proposed scheme for generdtmnsmission, and detection of CML-based
optical ¥%-RZ-DQPSK signal. The transmitter comgsia simple pre-coder, a 4-level driver, and

a DBR-laser based CML.

DI
Amp.
Data ay —=Y)) ~\r—==———— t|>p“)
3

Clock SSMF VOA EDFA

DBR OSR
Laser [ | Filter

Clock \ )
Data by L [ CML

Splitter IRZ-PAM

Fig. 4.16 Proposed scheme for CML-based ¥-DQP Siasimeneration, transmission, and detection system.

Table 4.2 shows the values of the symbols in thettutaries through the pre-coder, the
driver, as well as after the demodulator. Given @-Gbaud tributaries with datq andby as

inputs, the pre-coder generates the logical invefsme tributary,, given by
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ke = by (4.7)

and the logic XOR of the two input tributariés, given by

dk = Qg @ bk (48)

as its two pre-coded outputs. These two pre-cadeputs, data, andd,, are then converted

into a four-level output using an IRZ pulse-ammigemodulation (PAM) driver, emulated using
two IRZ drivers, a RF attenuator (Att.), and a Riwpr combiner (Comb.). The driver generates
the modulo-2 binary sum of the pre-coded inpututidbies, which then is amplified to directly

drive the laser. In a commercial implementatitw fogic functions could be integrated on the
same circuit with the IRZ-PAM driver, which commssa so-called ‘thermometer’ architecture
[137]. The PAM driver output is amplified to ditgcmodulate the gain section of the DBR-
laser based CML transmitter. Besides, the recasvarstandard optical DQPSK signal receiver

including two sets of 1-bit DIs, balanced PDs, afettrical post amplifiers.

Table 4.2 The relationship among the input datesqmded data, phase shift, and demodulated ougpatfor CML-

based ¥%-RZ-DQPSK generation and detection system.

Input Data Pre-coding  Pre-coded Data Phase Shift Demodulated Output Datd
akby Operation Cidx Ag Pxqk
00 c.=b 10 m 00
10 o 17 Tam 10
- O T
11 d=ardbs 00 0 11

Fig. 4.17 shows the operation principle of generatf CML-based optical ¥%- RZ-DQPSK
signal. Pre-coded data andd; are converted into IRZ-shaped signals with duiey of 50%

via two NAND encoders and then combined and angglifo drive the DBR laser.
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Data gy 0 1 01 0 1 1

Fig. 4.17 Operation principle of generation of CMased ¥-RZ-DQPSK signal

The 4-level PAM signal is generated by adjustirg rislative driving amplitudes of the two
data sequences to be in 2:1 ratio. The laser gebihigh above threshold with the benefits of
high output power, single mode operation, wide nhatiton bandwidth, and suppression of

transient chirp. The driving voltadé is adjusted to induce adiabatic chiYfy, given by

Af =1)T (4.9)

where T denotes the symbol period. The adiabatic chirguim causes a phase shiip,

calculated from
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T

2
AQ = an Af(t)dt

0
=21 X 1/T X T/2
- (4.10)

which corresponds to the pre-coded 2-bit symbol@f The other levels of the 4-level PAM
driver of 0, 0.5/, and 1.5/, therefore generate phase shifts of 0,1.%nd 1.5m, which
correspond to the pre-coded 2-bit symbols of 0Q,&0t 11, respectively. The corresponding
required chirp values for generation of phase shift0, 0.5t, m, and 1.5t at the output of the
DBR laser are 0, 5 GHz, 10 GHz, and 15 GHz. Theelength of the laser is locked to the edge
of the OSR filter to attenuate the first half-syrhbignal levels with frequencies &f f,, andfs,
during which the laser power is low, and pass #do®sd half-symbol signal level with frequency
of fo, during which the laser power is high and whicimtams the desired relative phase shift
information, as shown in Fig. 4.17. For phase shoft 0.5, m, and 1.5m, the laser is chirped
during the first half-symbol period to produce itease shift for the second half-symbol period,
generating RZ-shaped signal after the OSR filtdawever, for the phase shift of O, the laser is
not chirped, and the output remains high. So titpuds are of RZ shape for three phase shifts
and of NRZ shape for the other, generating whatcalé %-RZ-DQPSK. A full RZ-DQPSK
signal can be generated if the laser is chirpgotdduce 2t phase shift instead of O phase shift.
However, this increases the required chirp valutheflaser to two times the symbol rate, which

makes the laser performance requirement more cigatig. The proposed scheme could also be
generalized to generam-ary% -RZ-DPSK, where all the lolyl data streams in IRZ format

with different driving amplitudes are combined tivd the CML.
102



The CML-based 3%-RZ-DQPSK signal requires a standB@QPSK receiver for
demodulation and detection. However, the resulegg diagrams are not standard, % of the
symbols being RZ and ¥4 of the symbols being NR4g. B.18(a) shows the simulated eye
diagrams of the demodulated and balanced-detediid-iased ¥-RZ-DQPSK signal for the
two outputs of the DQPSK receiver with phase défeesAf = E andAf = —E between the
two arms of the DI, respectively. The demodulatge éiagrams are of a combination of NRZ
and RZ shapes. Fig. 4.18(b) shows the demodulatidrdetection of the pre-coded symB(t+
T) of 00 upon interference with the adjacent pre-dosiambolsE(t) of 00, 01, 10, and 11 in the
DI, respectively, whereE is the received electric field containing the tekl phase shift
information. The two balanced-detected outgmtsind gk of the standard DQPSK receiver are

determined by
p. % |E|? X cos (E+ Ag) (4.11)
4
and
Q. < |E|? X cos (—E+ A(Z)) (4.12)
4

where the sign o’f corresponds to the upper or lower branch of the?BR) signal receiver.

When the pre-coded symbB(t-T) of 00 interferes with the adjacent pre-coded symB¢t) of

01, 10, and 11, the energy of the first half-syndighals at both the constructive output port and
the destructive output port of the DI are non-zand equal. However, they are eliminated after
balanced-detection, resulting in balanced-deteB2dDQPSK signal, as shown in Fig. 4.18(a).

On the other hand, when the pre-coded synt{6iT) of 00 interferes with the adjacent pre-
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coded symboE(t) of 00, it will result in balanced-detected NRZ-D&Hsignal, as shown in Fig.
4.18(a). Therefore the flat lines on the top of ¢lye diagrams in Fig. 4.18(a) correspond to the
demodulation and detection of the pre-coded syntB@®IT) of 00, which are NRZ at the

transmitter side, resulting in poorer receiver gty than full RZ-shaped DQPSK.

A¢ 0 i0.5m m 1.5

Pre-coded
E(t-T) 00 : 00 : 00 : 00

Pre-coded
E(t) 00 1

Data p«
AG=Tl4

B e — Data g«
Data g« A §=-mi4 AG= -4

-

SRR

ij
L
L
@ o

Fig. 4.18 (a) The simulated eye diagrams of balaletected CML-based ¥- RZ-DQPSK signal with diffdére
phase differencesd between the two arms of the DI. Time scale: 10ips(d) Demodulation and detection of the
pre-coded symbdt (t-T) of 00 upon interference with the adjacent pre-caglgdbolsE(t) of 00, 01, 10, and 11 in

the DI

4.3.3Experiments and results

We constructed a CML transmitter using a DBR lam®dl one of three different OBPFs with
respective 3-dB bandwidths of 50 GHz, 10 GHz ar@Hz. The 50-GHz case was to simulate
the CML without narrow filtering effect, while tH-GHz and 7-GHz cases were to simulate the

commercial available CML modules (Finsar DM 80-01d &insar DM 200-01) with narrow-
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bandwidth OSR filters, respectively. A key elemémt the realization of the %-RZ-DQPSK
signal is the high-speed DBR laser with high FMogghcy used in these experiments. The
challenge in developing a high-speed directly mathd DBR laser with high FM efficiency is
that the long passive sections used for tuningat@ontribute to a round-trip differential gain or
dynamic chirp, and therefore reduce the relaxatisaillation frequency; as well as the FM
efficiency [138]. The DBR laser used here had é83dndwidth > 23 GHz up to 3% and a
FM efficiency of 0.2 GHz/mA, which were maintaineder a 13-nm tuning range. In this
study, the DBR section was grounded, and the efééctuning was not investigated. The
corresponding side mode suppression ratio was 45AétBrnative for a full-C band tunable
high-speed laser includes a Modulated Grating Yiutnig MG-Y) laser [138]. However, the 3-dB

modulation bandwidth was reduced to 18 GHz, dueriger passive sections for a MG-Y laser.

Two 10.22-Gbl/s tributaries with-2 PRBS were pre-coded using an XOR (Inphi 13611XR)
and two NAND (Inphi 507120R) logic gates and thembined and amplified to drive the DBR
laser, as shown in Fig. 4.16. The amplitude of dataas attenuated to be half of the amplitude
of the other data,. The peak-to-peak driving voltayg, was 4.1 V and was applied to the gain
section of the DBR laser, which was in series wit#h5-ohm matching resistor. This maximum
swing generated a modulation current of 82 tmAjenerate adiabatic chirp of ~16 GHz, which
nominally corresponded to a Ithase shift. The laser was biased at 110 mA usipigs tee.

The center wavelength of the DBR laser was 15361 ivith an output power of 8.6 dBm.

The receiver comprised an EDFA, an OBPF with a 3bd®dwidth of ~1 nm, a DI
demodulator, and a balanced PD. We used an Optdplewith a FSR of 10.7 GHz. The

balanced PD (U2T BPDV 2020R) had a 3-dB bandwid#20GHz. The output of the balanced
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PD was amplified by an electrical post amplifierttwbandwidth of 50 GHz. The phase
difference A6 between the two arms of DI was adjusted to yielthee the in-phase or

guadrature-phase components of the incoming %-RBPEK) Fig. 4.19 shows the measured
intensity and chirp waveforms of the generated Obdised DQPSK signal after the DBR laser.
The measurement instrument converts the chirpiaedidth into power change using a DI. The
chosen symbols showed four levels and correspomthitp values of 0 GHz, 5 GHz, 10 GHz,

and 15 GHz, hence generated the four phase valle O b, T, and 1.5t, respectively.
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Fig. 4.19 Intensity and chirp waveforms of the Clddsed DQPSK signal after DBR laser. Time scale:gx0div.

We have evaluated the performance of the %-RZ-DQ8I§Kal for data tributargy using
two different transmitter configurations having Offleers with 3-dB bandwidths of 50 GHz and

10 GHz, respectively. To select data tributggyfor demodulation, we adjusted the phase
differenced between the two arms of DI go Fig. 4.20 shows the BtB eye diagrams of the 4-

level driving signal after the RF combiner, DBRdasutput signal, ¥-RZ-DQPSK signals after
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50-GHz OSR filter and 10-GHz OSR filter, and denlatkd data tributaryy after balanced-

detection of ¥-RZ-DQPSK signals with 50-GHz OSRefiland 10-GHz OSR filter.

Fig. 4.20 BtB eye diagrams of (a) the 4-level drg/signal after the RF combiner, (b) DBR laser atigignal, (c)
¥%-RZ-DQPSK signal after 50-GHz OSR filter, (d) %-BRPSK signal after 10-GHz OSR filter, (e) dptafter
balanced-detection of ¥-RZ-DQPSK signal using 52@$R filter, and (f) datp after balanced-detection of 3%4-

RZ-DQPSK signal using 10-GHz OSR filter. Time sc&@ ps/div.

The OSR filter shapes were realized using a prograinle WaveShaper (Finisar
WaveShaper 4000S). In our experiment, the IRZedrivad no fine adjustment for output
amplitude, so we optimized the phase shift between the adjacent pre-coded symbols by
adjusting the duty cycles of the two IRZ data strea Note that the phase shift is a function
of the time duratiod and the adiabatic chipf denoted in (4.10). Fig. 4.20(b) shows that the
DBR laser had fast modulation response and theubsignal had low ER. Fig. 4.20(c) shows

that the signal ER was enhanced and the firstdyaifbol signal levels with frequenciesfgffs,
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andfs; were suppressed by tuning the spectral positioth®f50-GHz OSR filter. Fig. 4.20(d)
shows the first half-symbol signal levels with foeqcies of;, f,, andf; were suppressed further
using the 10-GHz OSR filter. However, due to theawaer bandwidth of the 10-GHz OSR filter,
the ¥-RZ-DQPSK signal became bandwidth-limited. SThihe eye diagram of the balance-
detected %-RZ-DQPSK signal using the 50-GHz OSRrfghown in Fig. 4.20(e) depicted a

wider eye opening, compared with the one usindlth&Hz OSR filter shown in Fig. 4.20(f).

Fig. 4.21 shows the measured optical spectrumeDIQPSK signals after the DBR laser,
50-GHz OSR filter, and 10-GHz OSR filter. The regpe 20-dB bandwidths of the %-RZ-
DQPSK signals after the 50-GHz and 10-GHz OSRréilterere 28.9 GHz and 18.6 GHz,
respectively. With more compact spectrum, the ¥%EBRZPSK signal using the 10-GHz OSR
filter should have better fiber CD tolerance, comeplawith the %-RZ-DQPSK signal using the

50-GHz OSR filter.

-20
Resolution: 2-GHz DER lasef output
25 —50-GHz OSRoutput
B // —[10-GHz OSRoutput

WY
YA R Y
Y0
YA R

m) 0.08 nm/div
531.38 (nm) 15631.54 16317 1531.86

Fig. 4.21 Optical spectra of the DQPSK signalsrdfte DBR laser, 50-GHz OSR filter, and 10-GHz Cfiter.
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We have also evaluated a periodic three-cavityetalter with a 3-dB bandwidth of 7 GHz,
a slope of 2.3 dB/GHz, and a FSR of 50 GHz as t8R @lter. The BtB eye diagrams of the -
RZ-DQPSK signal and the balanced-detected ¥%-RZ-DQ$gnal at the receiver, using 7-GHz
OSR filter, are shown in Fig. 4.22. Fig. 4.22(apwh that the 7-GHz OSR filter brought larger
ISI to the %-RZ-DQPSK signal and suppressed thst firalf-symbol signal levels with
frequencies of,, f,, andf; more completely due to its narrower bandwidth, careg with the
50-GHz and 10-GHz OSR filters. It also resulteddistortion to the balance-detected ¥-RZ-

DQPSK signal, as shown in Fig. 4.22(b).

CY (b)

Fig. 4.22 BtB eye diagrams of the (a) ¥%-RZ-DQPS#hal, and (b) datp after balanced-detection of %-RZ-

DQPSK signal using 7-GHz OSR filter. Time scalepadiv.

We compared the BtB OSNR performance and tolerameards fiber CD for the CML-
based ¥%- RZ-DQPSK signals using the 50-GHz, 10-Gidd, 7-GHz OSR filters. The OSNR
measurement setup was shown in Fig. 4.16. We placedriable optical attenuator (VOA)
before the EDFA to adjust the OSNR. A coupler vath0:90 splitting ratio was placed after the
EDFA to enable the OSNR to be monitored using aticapspectrum analyzer (OSA) with
resolution of 0.1 nm. The power launched into #eeiver was maintained at a constant value of
0.6 dBm by changing the gain of the EDFA. The aiugé of the balance-detected 3%-RZ-

DQPSK signal after the 50-GHz electrical post afigliwas about 1.0 V. The maximum error-
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free (no error within two minutes) SSMF transmissiistances for the CML-based %-RZ-
DQPSK signals using 50-GHz, 10-GHz and 7-GHz O&RBré were 40 km, 50 km, and 60 km,
respectively. Fig. 4.23 shows the corresponding diggrams of the balanced-detected CML-
based %-RZ-DQPSK signals using 50-GHz OSR filtéerad0-km SSMF, 10-GHz OSR filter
after 50-km SSMF, and 7-GHz OSR filter after 60-88®MF. Fig. 4.23 shows that the balanced-
detected CML-based ¥-RZ-DQPSK signal using 7-GHAROfBer had a much wider eye

opening than the other cases, even with longesmnession distance.

(@) (b) (©)

Fig. 4.23 Eye diagrams of the balanced-detected ®Hed 3%-RZ-DQPSK signals using (a) 50-GHz filfezrad0-

km SSMF, (b) 10-GHz filter after 50-km SSMF, andl TeGHz filter after 60-km SSMF. Time scale: 20dpg/

Fig. 4.24 depicts the measured BER versus req@®NR performances for the BtB and
transmitted CML-based %-RZ-DQPSK signals usingttiree different OSR filters. The BtB
required OSNR at BER of 18 (BER measured using the unlimited mode of the BERTwo
minutes) for CML-based %:-RZ-DQPSK signal using 39zG0SR filter was 14.65 dB. There
was an OSNR penalty of 6.28 dB after 40-km SSMRdamassion. The BtB required OSNR at
BER of 10™ for CML-based %-RZ-DQPSK signal using 10-GHz O3frfwas increased to
18.84 dB. The SSMF transmission distance was egtenol 50 km with an OSNR penalty of
1.39 dB. The BtB required OSNR at BER of'¥@or CML-based %-RZ-DQPSK signal using 7-

GHz OSR filter was increased to 20.47 dB. HowewNastill realized 60-km SSMF transmission
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with no OSNR penalty.
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Fig. 4.24 Measured BER versus required OSNR pedao®s for the BtB and transmitted CML-based 3%4-RZ-

DQPSK signals using three different OSR filters

Finally, the robustness of the amplitude variatiorthe driving signal was studied. The
OSNR penalty of the BtB CML-based %-RZ-DQPSK sigmsihg the 50-GHz OSR filter was
measured, when the driving voltage was varied. Whereasing the driving voltage, there was
no need to change the spectral position of the @GI&R to get the best performance. However,
the CML-based-%-RZ-DQPSK signal was more susceptibkthe negative amplitude change of
the driving signal. When decreasing the drivingtagé from 4.05 V to 3.48 V or 3.19 V, the
spectral position of the OSR filter had to be detuby 3 GHz or 6 GHz towards high frequency
so as to enhance the ER of the %-RZ-DQPSK signalgat the widest eye opening of the
balanced-detected signal. Thus there was a 0.9-8RROdifference between maintaining and
tuning the spectral position of the OSR filter whka driving voltage was decreased from 4.05

V to 3.48 V. Their respective eye diagrams are shmFig. 4.25.
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CY (b)

Fig. 4.25 Eye diagrams of the balanced-detected ®Biled ¥-RZ-DQPSK signal with the 50-GHz OSR filter
spectral position (a) maintained, and (b) tune® BHz towards high frequency, when the driving ag was

decreased from 4.05 V to 3.48 V. Time scale: 2@ips/
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OSNR Penalty @ BER
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Fig. 4.26 Measured OSNR penalty of the CML-based2DQPSK signal using the 50-GHz OSR filter whea th

amplitude of the driving signal was varied. Insg#tew the respective eye diagrams. Time scale: Zilvps

Fig. 4.26 shows the measured OSNR penalty of thé.-Based 3%-RZ-DQPSK signal at
BER of 10"3when the amplitude of the driving signal was vari€dere was a 1.17-dB OSNR
penalty when the driving voltage was increased fé@b V to 4.87 V, which corresponded to a

change of +20.2%. There was a 1.17-dB OSNR pemdign the driving voltage was decreased
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from 4.05 V to 3.48 V, which corresponded to a geaf -14.1%. Insets show the respective eye

diagrams.

Fig. 4.27 shows the measured optical spectra ofimerated CML-based ¥%-RZ-DQPSK
signals using the 50-GHz OSR filter at differenvishg voltagesVy, of 3.19 V, 4.05 V, and 4.87
V. The respective 20-dB bandwidths were 20.5 GH&9 Z5Hz, and 37.0 GHz. At a smaller
driving signal, the spectrum of the CML-based %B@ZPSK signal became more compact to

suit WDM channels with flexible grids.
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Fig. 4.27 Optical spectra of the CML-based %-RZ-[38ignals using the 50-GHz OSR filter at threéedént

driving voltages

4.3.4Summary

In this section, we have proposed and experimgntdémonstrated the generation and

transmission of 10-Gbaud optical %-RZ-DQPSK signadsng single high-speed DBR-laser
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based CML, without requiring any differential eneodor external modulator. Error-free
transmission in 60-km SSMF without any dispersi@ampensation was realized. No OSNR
penalty was induced. Besides, the transmissioropaences of fiber CD tolerance for the CML-
based ¥-RZ-DQPSK signals with different OSR filteesve been characterized. The robustness

against possible amplitude variation of the drivéngnal was also investigated.

4.4 RZ-DQPSK signal generation using single CML

4.4 1Iintroduction

As discussed in chapter one, RZ-DQPSK is an attechodulation format for optical fiber
transmission, owing to its increased spectral iefficy and high tolerances towards fiber CD,
PMD, and nonlinearities. However, the conventidRZIDQPSK transmitter requires a complex

differential encoder and several bulky external olatbrs.

In the last section, we have used a DBR-laser b&ddt to generate 10-Gbaud %-RZ-
DQPSK signal, without any differential encoder ateenal modulator. However, the full RZ-

shaped DQPSK signal could not be obtained withapjgoach.

In this section, we demonstrate the generationOCo7@-Gbaud full RZ-shaped DQPSK
signal using single CML without any differentialcadler, external PM or pulse carver. 40-km
SSMF transmission at BER of 10s realized without any dispersion compensation tfe

10.709-Gbaud CML-based RZ-DQPSK signal.
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4.4.20peration principle

Fig. 4.28 shows the schematic of our proposed REBIQsignal transmitter, which comprises a

CML driven by a simple designated electronic logrcuit.

Data g,
Clock

6 (Ampo{ ow

Data b
Clock

Clock

Fig. 4.28 optical RZ-DQPSK transmission system gisiar proposed CML-based RZ-DQPSK signal transmitte

(denoted in red box)

The relations among the input data, phase shifpodellated data, and output data after

decoding are stated in Table 4.3.

Table 4.3 The relations among input data, phage deimodulated data, and output data

Input Data Phase Shift Demodulated Data Decoding Output Data
ay by A ¢ cx di Operation PiGx
00 m 00 _ 00
01 1.5 10 P=di 01
10 2T 11 =cad 10
11 25w 01 9= Cd 11

Fig. 4.29 shows the operation principle of RZ-D®&P$gnal generation using single CML
through the intensity, chirp and phase charactesistf the output signals from the IRZ drivers,
electrical combiner, DFB laser, and filter in CMIwo IRZ-shaped data sequencas=
01001101 andb= 10101001 with duty cycles of 50% generated by N¥IND logic gates were

combined together with a clock to drive the DFEelas
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Fig. 4.29 Operation principle of CML-based RZ-DQPSignal generation

The driving voltages of data,, databy, and clock aré/;, 0.5V, andV,, respectively. The
laser is biased high above the threshold with theefits of high output power, single mode
operation, wide modulation bandwidth, and suppogssif the transient chirp. The driving

voltage ofV; is adjusted to induce adiabatic chiyf, given by

Af =1)T (4.13)

where T is the symbol period. The induced adiabatic clirgurn causes a phase shifa,
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calculated from

T

2
AQ = an Af(t)dt
0

=21 X 1/T X T/2
=7 (4.14)

during the first half-symbol period of 00 symbohuk the induced phase shifts of symbols of 00,
01, 10, and 11 for inpw@ by aren, 1.5t, 2, and 2.4, respectively. Then, the spectral position of
the filter integrated in the CML is tuned to sumga¢he first half-symbol signal with frequencies
of f1, fo, f3, andf; and pass through the second half-symbol signal frequency ofy, generating
RZ-DQPSK. At the receiver, the symbols of 00, 0Q, 4nd 11 for inpuéy bk are demodulated

into ¢, dk of 00, 10, 11, and 01 by a 1-bit optical DI. Figalhe decoding operations of
Pr = dy (4.15)
and
G = ¢ D di (4.16)

are used to recover the input databy., where datay gk are the decoded output signal. The
decoding operations at the receiver site coulddpdaced by the pre-coding operations at the

transmitter side.
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4.4.3Experiments and results

We have experimentally demonstrated the systergdoeration and transmission of CML-based
RZ-DQPSK signal, using the setup shown in Fig. 4\8 employed a standard CML module
(Finisar DM200-01) with input impedance of 50 ohrtiweshold current of 25 mA, and FM
efficiency of 0.24 GHz/mA. The filter in CML had3dB bandwidth of 7 GHz and an average
slope of 2.4 dB/GHz. Two 10.709-Gb/s IRZ data streagenerated by NAND logic gates, using
2’-1 PRBS with driving voltages of 20 mV and 10 mVreveombined together with a 20-mV
clock. The peak-to-peak voltagé, of the driving signal was amplified to 4.2 V usilag
electrical amplifier. The DFB laser was biasedld inA. The central wavelength and the optical
power of the generated optical RZ-DQPSK signal wi&85.69 nm and 1.4 dBm, respectively.
The generated optical RZ-DQPSK signal was thenstrgibed over a piece of SSMF. The
transmitted signal was received after being angalifvia an EDFA, and filtered via a 1.0-nm
OBPF for ASE noise elimination. The receiver wamposed of two sets of DIs with FSRs of
10.664 GHz, PDs, and 10-GHz electrical amplifi¢ke. tuned the phase difference between the
two arms of each DI ta/4 or /4, so as to demodulate the two data streams omatan the

received optical RZ-DQPSK signal.

Fig. 4.30 shows the measured waveforms of theajatad datd after NAND logic gates,
the input clock signal, the driving signal of th&C and the demodulated datgand datady at
the two output ports of the DIs. They verified thdataax was recovered from dathk and datd

would be retrieved from XOR operation of datand dataly.
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Fig. 4.30 Waveforms of (a) dag (b) databy, (c) clock, (d) driving signal, (e) datg (f) datady, (g) inverting data

Cw, and (h) inverting date,. Time scale: 100 ps/div.

Fig. 4.31 shows the respective eye diagrams ofitiving signal after electrical combiner,
BtB RZ-DQPSK signal after CML, demodulated datsand datady at one output port of DI
before and after the 40-km SSMF, using a 40-GHz PD.
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Fig. 4.31 Eye diagrams of (a) driving signal aftkctrical combiner, (b) RZ-DQPSK signal after CMt) BtB
datac,, (d) BtB datady, (e) datec, after 40-km SSMF, and (f) dath after 40-km SSMF, using a 40-GHz PD. Time

scale: 20 ps/div.

Fig. 4.32 shows the measured BER performance aje¢herated optical RZ-DQPSK signal
using CML before and after 40-km SSMF transmissibmough the XOR decoding was not
performed, we still could get the BER of datdo evaluate the signal quality, due to the pseudo-
random property of PRBS. The power penalties at BERO® for datac, and datady after 40-

km SSMF were 0.95 dB and -0.41 dB, with referemctheir BtB receiver sensitivities of -12.1

dBm and -13.9 dBm, respectively. The differentfgmnances for datex and datadk might be
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attributed to the un-optimized phase shifts betwiensymbols in the RZ-DQPSK signal. The

insets show the eye diagrams of the detected sigea@linto the BERT.

—@— Data ck BtB
—— Data dk BtB
—4— Data ck 40 km
—A— Data dk 40 km

<

10 -18 -17 -16 -15 -14 -13 12 -11  -10
Received Power (dBm)

Fig. 4.32 Measured BER performance of CML-basedRA?SK signal. Insets show the eye diagrams of telec

signals fed into BERT. Time scale: 20 ps/div.

4.4.4Summary

In this section, we have demonstrated the generafid0.709-Gbaud RZ-DQPSK signal using
single CML, without any differential encoder, extal PM, or pulse carver. Optical transmission
performance over 40-km SSMF without any dispergiompensation has been experimentally

characterized for the two data tributaries in RZHEK signal.
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4.5 Summary and discussion

In this chapter, step by step, we have proposecdeapdrimentally demonstrated the generation
of 10-Gb/s RZ-DPSK signal using CML and pulse carn@®-Gb/s RZ-DQPSK signal using
CML and pulse carver, 10-Gbaud %-RZ-DQPSK signalgisingle CML, and 10.709-Gbaud
RZ-DQPSK signal using single CML. Actually, thisheme can be generalized to genehte

ary RZ-DPSK signal based on CML under the idealidamns.

No external optical PM is needed, since these @ghes make smart use of the adiabatic
chirp in DML for phase modulation. Moreover, thep ahot need the complex electrical
differential pre-coders in conventionslkary RZ-DPSK transmitters using external modulators
for the natural differential encoding property ddiabatic chirp. The filter in CML or the
following pulse carver contributes to convert th@asphase shifts into abrupt phase transitions
for the DPSK and DQPSK signals generated by DMLthWhe elegant design of driving signal,
the filter in CML can take the place of the pulseer to generate full RZ-shaped DQPSK signal
using only single CML. Therefore, the footprint,scoand power consumption of CML-based
RZ-DPSK and RZ-DQPSK transmitters are reduced fogmtly, compared with the equivalents

using external modulators.

We have also investigated the transmission perfocegmand robustness towards operation
condition changes of the RZ-DPSK and RZ-DQPSK systbased on CML. The 10-Gb/s RZ-
DPSK signal generated by 10-GHz standard CML anldepuaarver shows better fiber CD
tolerance and comparable fiber nonlinearity toleeann comparison with that generated using
optical PM. Nevertheless, when this scheme upgremdéise 20-Gb/s RZ-DQPSK signal using

the same CML, the performances degrade quicklythAtfirst glance, the evident reasons are
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related with the limited modulation bandwidth andadl adiabatic chirp value in commercial
available CML. Hence, using a 23-GHz DBR-laser Ha€ML together with high-speed
electrical encoder, cable, combiner, and amplifiee 10-Gbaud %-RZ-DQPSK demonstrates

reasonable transmission performance and operatiagitecon change robustness.

However, deep insight into the working principle ©ML-based RZ-DQPSK transmitter
may enable more impressive performance in the dutvork. The DML indeed functions as an
optical PM with continuous phase change, instead MZM with accurate and instantaneous
phase transition. If the relationship between aatiabchirp change and symbol rate in (4.14)
equation is not precisely maintained, the phastsshetween symbols will not be exact for
DQPSK signal. Any intensity noise, over-shoot, amgberfection of the driving signal will
transfer into the phase noise of the CML-based R¥BK signal. Since the distance between
the constellations in RZ-DQPSK format is very clode induced phase noise will result in
severe impairments to the CML-based RZ-DQPSK sigitak becomes evident especially when
the driving signal is complicated such as the ferel one. Though 40-km SSMF transmission is
realized for the 10.709-Gaud RZ-DQPSK signal usimgle CML, it is clearly shown that the

noisy driving signal in the experiment limits thetgntial of the system.

From a systemic viewpoint, if both the multi-leyghase modulating function and pulse
carving function are required to be realized byirgle laser and an optical filter, it will put
heavy burden on the laser. It is not easy to aehieoth good performance and extreme
simplicity at the same time. Therefore, the ideaeferal phase-locked lasers with independent
direct modulations integrated in one transmitteansattractive solution to further improve the

performance of CML for generating advanced modoitetormats.
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Chapter 5 Enhanced CD Tolerance of

CML with Pre-emphasis

5.1 Introduction

As reviewed in chapter two, CML is a promising sanitter in optical access and metropolitan
networks due to its compact footprint, low costaimpower consumption, and high dispersion
tolerance. The 10-Gb/s CML realized error-free RBO-SSMF transmission [62]. The EDC
techniques help to further extend the reach of CMampared with post-EDC, pre-EDC takes
the advantage of phase information in optical digwhich is more suitable for CML. With a 1-
bit DSP driver for pulse shaping at the transmititee 10.709-Gb/s CML extended SSMF reach
to 360 km at BER of IH[124]. The 608-km SSMF transmission at BER of 1as reported
using a 10.709-Gb/s CML and a 6-bit 21.418-GSa/LAr electronic pre-distortion [125].
However, the DSP and DAC consume too much powerbangd extra cost for CML, which are
not desirable for access and metropolitan apptinatiMoreover, too heavy pre-distortion limits

the dispersion tolerance of CML to 110 km for 14a#halty window [125].

In this section, we propose and experimentally destrate the 10-Gb/s 300-km SSMF
transmission at BER of T0using a commercial available CML with a simple arabsive pre-
emphasis driver at the transmitter. The 10-Gbisdsted CML signal without pre-emphasis could
only be transmitted up to 220 km, in comparison.éxXpensive optical DCM or power-hungry
EDC was used. The 20-Gb/s 100-km SSMF transmissidER of 10 using CML with pre-

emphasis driver was also reported.
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5.2 Operation principle

Fig. 5.1 depicts the structure of the proposedgmnghasis driver, which comprises the passive

electrical splitter, inverter, attenuator, delayd @ombiner.

........ > RN
Inpt:t-I_’_ Inverter |H Attentuator  Delay Qutput

Fig. 5.1 Structure of the proposed pre-emphasigdri

Fig. 5.2 shows the simulated intensity and chirprabteristics for the 10-Gb/s standard
CML signal without pre-emphasis and the CML signéh pre-emphasis before and after 300-
km SSMF with an input bit sequence of “00110010Q100". By tuning the spectral position of
the narrow-bandwidth filter in the CML, high ER s& can be obtained. However, as shown in
Fig. 5.2(a), it is observed that the intensity loé single “1” bit is slightly reduced, compared
with the consecutive “1” bits, i.e., double “1” ®iand triple “1” bits, caused by the narrow-
bandwidth filtering or low laser modulation bandid Fig. 5.1(b) shows that the main reason
limiting the BER performance for the standard CNinsl after 300-km SSMF is that the single
“1” bit collapses quickly, while the consecutive”“tits grow and become sharp, due to the
interference among the adjacent bits, thus indusegre intensity fluctuations. By employing
the proposed pre-emphasis driver, the intensityhefsingle “1” bit is enhanced, compared with
the main part of the consecutive “1” bits, as deguicin Fig. 5.2(c). Hence, the intensity
differences between the single “1” bit and the eonsive “1” bits are reduced after SSMF, as

shown in Fig. 5.2(d). Besides, a large red shifti@ohsient chirp at the falling edge of bit
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transition is generated, while the blue shiftedidrant chirp at the rising edge of bit transitien i

suppressed by tuning the spectral position ofittex fn CML, as shown in Fig. 5.2(c). This uni-

polar negative transient chirp also helps to ineeghie reach of CML [124].
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Fig. 5.2 Simulated intensity and chirp charactigsof (a) BtB standard CML signal, (b) standard IC8ignal after
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with an input bit sequence of “0011001001011100"



5.3 Experiments and results

We have experimentally verified the proposed scham&0-Gb/s and 20-Gb/s. Fig. 5.3 shows

the experimental setup for the transmission of Gliginal with pre-emphasis.

Dat:
CDR BERT

Clock

PPG

Fig. 5.3 Experimental setup for the transmissio€bIL signal with pre-emphasis

First, the 10-Gb/s experiment was performed usingtamdard CML module (Finisar
DM200-01). The 9.953-Gb/s driving signal with pmeghasis using®-1 PRBS was generated
by combining the non-inverting data and the inveytdata from the pulse pattern generator
(PPG), via a combiner. The inverting data was atieed by 8 dB and delayed by 50 ps,
compared with the non-inverting data. The peakeakpdriving voltagé/,, was 0.9 V. The input
impedance, threshold current, and FM efficiencyhef DFB laser were 50 ohms, 25 mA, and
0.24 GHz/mA, respectively. The DFB laser was biased0 mA, high above the threshold to
assure high output power, single mode operatiodewnodulation bandwidth, and suppression
of transient chirp. The filter in CML had a 3-dBrislvidth of 7 GHz and an average slope of 2.4
dB/GHz. The central wavelength, ER, and optical @owof the CML signal were 1556.9 nm, 7.4
dB, and 0.95 dBm, respectively. The linear transiais line comprised three spans of 100-km
SSMFs. An EDFA was inserted after every span tosbop the optical power to 2 dBm. A
tunable OBPF with 1.0-nm bandwidth was placed aftery EDFA to eliminate the ASE noise.

A VOA was used to adjust the input power to theehaer composed of a PD and a 9.953-Gb/s
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clock-data recovery (CDR) module. The recovered @etd clock were sent to the BERT for
BER measuring. In the control setup for the 9.9%#sGstandard CML without pre-emphasis
driver, the DFB laser was also biased at 70 mA. édek-to-peak driving voltagé,, was 0.7 V

to generate an adiabatic chirp of 4 GHz. The hiasjng voltage, and spectral position of the

filter in CML were optimized for maximum SSMF tranission at BER of 18

Fig. 5.4 shows the patterns of the 10-Gb/s drigiggals and the CML signals after 300-km
SSMF without and with pre-emphasis, using an inptitsequence of “0011001001011100".
With pre-emphasis, intensity over-shoots at thmgisnd falling edges of the bit transitions of
the driving signal were observed, as depicted g &i4 (b). The intensity of the single “1” bit
was improved, compared with the main part of thesegutive “1” bits. After 300-km SSMF, the
single “1” bit of the standard CML signal collapsgaickly ( see in Fig. 5.4 (c)), while that with
pre-emphasis showed reduced intensity differensee (n Fig. 5.4 (d)), as compared with the

consecutive “1” bits.

Fig. 5.4 Patterns of the 10-Gb/s (a) driving sigmighout pre-emphasis, (b) driving signal with gephasis, (c)
standard CML signal without pre-emphasis after BBOSSMF, and (d) CML signal with pre-emphasis aB@0-

km SSMF. Time scale: 200 ps/div

Fig. 5.5 shows the eye diagrams of the 10-Gb/grdyigignal, BtB CML signal, and CML

signal after 220-km and 300-km SSMF before CDRheout and with pre-emphasis. Fig. 5 (g)-
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(h) show that CML signal with pre-emphasis exhihitess mark noise and much wider eye

opening, compared with standard CML signal in Bi¢c)-(d), after 220-km and 300-km SSMF.

@) (b) (©) (d)

(€) ® (9) (h)

Fig. 5.5 Eye diagrams of the10-Gb/s (a)-(d) driveéngnal, BtB CML signal, CML signal after 220-km /48, and
CML signal after 300-km SSMF without pre-emphaais] (e)-(h) the ones with pre-emphasis. Time s@4le:

ps/div

We have also measured the transmission performafdédéer CD tolerance for the 10-Gb/s
CML signals without and with pre-emphasis. Fig. 8h®ws the receiver sensitivities at BER of
10° after various lengths of SSMF for the two differéd-Gb/s cases. The CML signal with pre-
emphasis realized 300-km SSMF transmission, wiplowser penalty of 3.3 dB, compared with
its BtB receiver sensitivity of -16.5 dBm. Its SSMfansmission reach at 1-dB power penalty
was 290 km. It also showed a negative power pemdltt.7 dB after 220-km SSMF. This was
attributed to the mitigation of the over-shootshe rising and falling edges of the bit transitions
and the ER enhancement of the CML signal with pnpteasis, after SSMF. The standard CML
signal without pre-emphasis could only be transditip to 220 km with a power penalty of 5.1

dB, compared with its BtB receiver sensitivity @6-1 dBm.
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Fig. 5.6 Receiver sensitivities for the 10-Gh/siderd CML signal without pre-emphasis and CML slguigh pre-

emphasis after various lengths of SSMF

Fig. 5.7 shows the BER performances of the 10-GIWd. signals without and with pre-
emphasis. The standard CML signal showed obvious #oor at BER of 13° while the CML

signal with pre-emphasis showed a straight BEReuaiter 220-km SSMF transmission.
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Fig. 5.7 BER performances for the 10-Gb/s CML signathout and with pre-emphasis

130



Later, the 20-Gb/s experiment witf*2 PSBS was carried out using another standard
1555.5-nm CML module (Finisar DM80-01) with a buiit11-GHz filter. The receiver had a 35-
GHz PD and a 1:4 electrical DEMUX. However, a 20$3BDR was not available. The clock at
the transmitter was sent to the DEMUX and BERTtiaring decision. Fig. 5.8 shows the eye
diagrams of the 20-Gb/s CML signals without andhwpte-emphasis for 100-km and 120-km
SSMF transmission. Fig. 5.8 (b)-(c) shows thatdtamdard CML signals without pre-emphasis
were nearly totally corrupted after 100-km and kB®-SSMF. No BER could be measured.
However, there were still considerable eye openfagthe CML signals with pre-emphasis after

transmission.

(b)

(d) (€) )

Fig. 5.8 Eye diagrams of the 20-Gb/s (a)-(c) BtBIC8iynal, CML signal after 100-km SSMF, and CML rsd)

after 120-km SSMF without pre-emphasis, and (djhé) ones with pre-emphasis. Time scale: 20 ps/div

Fig. 5.9 shows the 20-Gb/s BER performances forGht signals without and with pre-
emphasis. The CML signal with pre-emphasis realiz&@tkm SSMF transmission with a power

penalty of 2.7 dB, with reference to its BtB re@gisensitivity of -4.9 dBm at BER of P0After
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120-km SSMF, we still could measure its BER beldd.1in comparison, the ever reported
transmission reach of the 20-Gb/s CML without ODCE®C was 60-km SSMF [104]. As a
reference, the BtB receiver sensitivity of the dmd CML signal without pre-emphasis was -
2.26 dBm at BER of I8 The poor receiver sensitivity was caused by #gsibn timing jitter

of BERT due to the lack of 20-Gb/s CDR module.

1072 ‘ ‘ — —@— Standard CML
—&— CML pre-emphasis BtB
=>— CML pre-emphasis 100 km

ﬂ )\\ —A— ML pre-emphasis 120 km

10’3

104
Wyo# |

10‘5 L

10-6 L

107

108

10°
10'10 Il L L L L I

9 8 7 6 5 -4 3 2 -1
Received Power (dBm)

Fig. 5.9 BER performances for the 20-Gh/s CML sigmédthout and with pre-emphasis

5.4 Summary

In this section, we have experimentally demonstraéibe 10-Gb/s 300-km and 20-Gb/s 100-km
SSMF transmissions at BER of 1@sing the CMLs with pre-emphasis driver. The traission
performance of fiber CD tolerance was investigaded compared with the standard CML

signals without pre-emphasis.
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Chapter 6 Summary

6.1 Summary of this thesis

In this thesis, we have designed several novetalptiansmitters based on CML, composed of a
DML and an optical filter, by managing its adiabathirp. The applications include optical RZ
pulse generation using CMM-ary RZ-DPSK signals generation using CML, and eckd CD
tolerance of CML with pre-emphasis. We aim to aehi¢he simplicity while maintaining or
improving the transmission performance of the tmaitter in optical fiber communication

systems.

In chapter one, firstly, we have talked about tieony of optical fiber communication
systems. The dynamic relationship between the systpacity and traffic need is analyzed.
Transmission performance as well as footprint, ,casti power consumption are highlighted for
transceiver design. Then, we have reviewed thestnggsion impairments of fiber CD, PMD,
nonlinearities, and noises. The key role of advdmedulation formats such as duobinary, AMI,
optical RZ pulses, RZ-DPSK, and RZ-DQPSK in redgcihe signal distortions is discussed.
The advantages and disadvantages of conventi@maitters based on DML, EAM, and MZM
are presented. Finally, we have showed the comnethads to generate advanced modulation

formats using external modulators.

In chapter two, firstly, we have looked back theeinting process of CML. The device
structure and control schematic of CML are preseniden, we have analyzed the associated
chirp origin and modulation bandwidth of DML. Thetpntial laser design for CML is proposed.

Finally, we have reviewed the previous works on Cikttluding duobinary, AMI, and RZ-DPSK
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signals generation and EDC for reach extension. dtteevements and drawbacks of these

schemes are also discussed.

In chapter three, firstly, we have proposed anceargentally demonstrated the generation
of 10-Gb/s optical RZ pulses with duty cycles ofBand 67% using CML driven at half pulse
rate. The 10-Gb/s RZ-DPSK signals based on CML-RI&gs show comparable fiber CD and
nonlinearity tolerance, compared with the equivedrased on pulse carver using MZM. Then,
we have further experimentally demonstrated theeggion of 20-Gb/s optical RZ pulses with
33%-duty-cycle and asymmetric-duty-cycle using Ctitlven at one-fourth pulse rate. We also

characterize the transmission performance of 2G8E-OO0K signals based CML-RZ-pulses.

In chapter four, firstly, we have proposed and expentally demonstrated the generation
of 10-Gb/s RZ-DPSK signal using CML and pulse carido differential pre-coder or PM is
required. It realizes 80-km SSMF transmission ahdws comparable fiber nonlinearity
tolerance to RZ-DPSK signal based on PM. Then, weehproposed and experimentally
demonstrated the generation of 20-Gb/s RZ-DQPSHKasigsing CML and pulse carver. No
complex electrical pre-coding or PM is needed. tate have proposed and experimentally
demonstrated the generation of 10-Gbaud %-RZ-DQB§#Kal using single CML. It achieves
60-km SSMF error-free transmission without OSNR gttsn Finally, we have proposed and
experimentally demonstrated the generation of M@Baud RZ-DQPSK signal using single
CML. It does not use any differential encoder, Rivipulse carver. The generated RZ-DQPSK

signal transmits over 40-km SSMF at BER 01’10

In chapter five, we have proposed and experimgntiimonstrated the 10-Gb/s 300-km

and 20-Gb/s 100-km SSMF transmissions using comalexcailable CMLs and a passive pre-
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emphasis driver, without any ODC or power-hungryEDheir CD tolerances are characterized

and compared with the standard CMLs without prefeasis driver.

6.2 Future work

For all optical OFDM technique, either mode-lockader or external modulator is required to
generate the optical orthogonal subcarriers [139P]. We propose to generate dual or more
high-speed optical orthogonal subcarriers usingstmelltaneous AM and FM of the CML driven
by sinusoidal signal to reduce the footprint, casig power consumption of all-optical-OFDM

transmitter.

In chapter four, we have demonstrated the 80-km B&fdnsmission of 10-Gb/s CML-
based RZ-DPSK signal using direct detection. Weppse to use the coherent receiver to
characterize the affect of DML linewidth on the CMhsed RZ-DPSK signal. Its long-haul
transmission using coherent detection will alsanvestigated, where constellation diagrams can

be obtained to calibrate the phase shifts in DPi§Kas precisely.

In chapter four, we have analyzed the causes hithe performances CML-based RZ-
DQPSK signal. First, we propose to perform therlaasign of short cavity with multiple QWs
mentioned in chapter two to fabricate DML with higiodulation bandwidth and large FM
efficiency, as the laser candidate of CML-based BRBransmitter. Then, we propose to use an
optical phase locked loop (OPLL) and a coupler takentwo DMLs coherent and coupled
together. The two DMLs will be modulated indepertewith two-level IRZ signals to generate

DQPSK signal.
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In chapter five, we have proposed to use a sim@eemphasis driver to boost the intensity
of the single “1” bit to improve the CD tolerance@ML. However, that pre-emphasis driver
also adds over-shoots on the rising and fallingesdyf the consecutive “1” bits, which are not
desirable. Therefore, a new way to only enhanceathplitude of the single “1” bit and not to

affect the consecutive “1” bits is being considerecind.

The tuning of laser bias, filter spectral positiand driving voltage have great impact on
the proposed CML-based transmission systems irthiki&s, which limit the practical utility. We
will study the performance penalty due to the cleaaofjlaser bias, filter spectral position, and
driving voltage caused by unstable electrical airretemperature, pressure, and other

environmental factors.

136



Reference

[1] Cisco Systems, “Fiber types in gigabit opticeammunications”White PaperApril 2008.

[2] G. P. Agrawal, “Fiber-optic communication Sysi&, 39 edition, John Wiley & Sons, 2002.

[3] R. W. Tkach, “Scaling optical communications tbe next decade and beyon&gll Labs
Tech. J.vol. 14, no. 4, pp. 3-10, 2010.

[4] Cisco Systems, “Cisco visual networking indéarecast and methodology, 2012-2017,”
White PaperMay 2013.

[5] A. H. Gnauck, A. R. Chraplyvy, R. W. Tkach,Ll.Zyskind, J. W. Sulhoff, A. J. Lucero, Y.
Sun, R. M. Jopson, F. Forghieri, R. M. Derosier,Vlf, and A. R. McCormick, “ One
terabit/s transmission experimentEEE/OSA Optical Fiber Communication Conference /
National Fiber Optic Engineers Conference (OFC/NEQE Paper PD20, San Jose,
California, USA, 1996.

[6] T. Morioka, H. Takara, S. Kawanishi, O. KamataK. Takiguchi, K. Uchiyama, M.

Saruwatari, H. Takahashi, M. Yamada, T. Kanamani, H. Ono, “100 Gbit/s x 10 channel
OTDM/WDM transmission using a single supercontinudbM source,” IEEE/OSA

Optical Fiber Communication Conference / Nationabdf Optic Engineers Conference
(OFC/NFOEC) Paper PD21, San Jose, California, USA, 1996.

[7] T. J. Xia, G. A. Wellbrock, A. Tanaka, M. Fudng, E. Ip, D. Y. Qian, Y. K. Huang, S. L.
Zhang, Y. Q. Zhang, P. N. Ji, Y. Aono, S. J. Murakaand T. Tajima, “High capacity field
trials of 40.5 Th/s for LH distance of 1,822 km a&#l2 Tb/s for regional distance of 634
km,” IEEE/OSA Optical Fiber Communication Conferencetidhal Fiber Optic Engineers

Conference (OFC/NFOECPaper PDP5A.4, Anaheim, California, USA, 2013.
137



[8] Binh, L. Nguyen, “Digital optical communicatisiy Taylor & Francis Group, 2009.

[9] C. Lin, H. Kogelnik, and L. G. Cohen, “Opticpliise equalization of low-dispersion
transmission in single-mode fibers in the 1.34In7-spectral region,OSAOpt. Lett vol. 5,
no. 11 pp. 476-478, 1980.

[10] A. J. Antos and D. K. Smith, “Design and cldegization of dispersion compensating fiber
based on the Ly mode”,IEEE J. Lightw. Technqglvol. 12, no. 10, pp. 1739-1745, 1994.

[11] T. Ozeki, “Optical equalizersQSA Opt. Lett.vol. 17, no. 5, pp. 375-377, 1992.

[12] R. I. Killey, P. M. Watts, V. Mikhailov, M. Gtk, and P. Bayvel, “Electronic dispersion
compensation by signal predistortion using digit@icessing and a dual-drive Mach-Zehnder
modulator,”IEEE Photon. Technol. Lettvol. 17, no. 3, pp. 714-716, 2005.

[13] J. H. Winters and R. D. Gitlin, “Electrical signalocessing techniques in long-haul fiber-
optic systems,TEEE Transactions on Communicatiorsl. 38, no. 9, pp. 1439-1453, 1990.

[14] S. J. Savory, “Digital filters for coherent opticakceivers,"OSA Opt. Expressol. 16, no. 2,
pp. 804-817, 2008.

[15] L. Pierre, J. P. Thiery and D. Penninckx, “248 Gbit/s transmission experiment through
standard fibre and impact of self-phase modulatiemg partial response scheméEE
Electron. Lett, vol. 32, no. 7, pp. 673-674, 1996.

[16] W. Kaiser, T. Wuth, M. Wichers and W. Rosemkra “Reduced complexity optical
duobinary 10-Gb/s transmitter setup resulting inirammeased transmission distancl5EE
Photon. Technol. Lettvol. 13, no. 8, pp. 884-886, 2001.

[17] R. A. Griffin and A. C. Carter, “Optical differemti quadrature phase-shift key (0DQPSK)

for high capacity optical transmissionZEE/OSA Optical Fiber Communication Conference

138



/ National Fiber Optic Engineers Conference (OFCOEC) Paper WX6, Anaheim,
California, USA, 2002.

[18] M. Seimetz, “Performance of coherent optical squ&-€QAM-systems based on IQ-
transmitters and homodyne receivers with digitalgehestimation,/TEEE/OSA Optical Fiber
Communication Conference / National Fiber Optic iBegrs Conference (OFC/NFOEC),
Paper NWA4 Anaheim, California, USA, 2006

[19] D. Mahgerefteh and C. R. Menyuk, “Effect ofsfrorder PMD compensation on the
statistics of pulse broadening in a fiber with ramdly varying birefringence,TEEE photon.
Technol. Letf.vol.11, no. 3, pp. 340-342, 1999

[20] F. Buchali and H. Bulow, “Adaptive PMD compeatien by electrical and optical
techniques,IEEE J. Lightw. Technalvol. 22, no. 4, pp. 1116-1126, 2004.

[21] H. F. Haunstein, T. Schorr, A. Zottmann, Wu8aGreff, and R. Urbansky, “Performance
comparison of MLSE and iterative equalization inCFBystems for PMD channels with
respect to implementation complexityEEE J. Lightw. Technglvol. 24, no. 11, pp. 4047-
4054, 2006.

[22] R. M. Jobson, L. E. Nelson, G. J. Pendock, and A.Gtauck, “Polarization-mode
dispersion impairment in Return-to-Zero and Nomimetto-Zero systems,ITEEE/OSA
Optical Fiber Communication Conference / Nationabdf Optic Engineers Conference
(OFC/NFOEC) Paper WE3, San Diego, California, USA, 1999.

[23] H. Sunnerud, M. Karlsson, and P. A. Andreks@ncomparison between NRZ and RZ data
formats with respect to PMD-induced system degradgdtlIEEE Photon. Technol. Lettol.

13, no. 5, pp. 448-450, 2001.

139



[24] C. Xie, L. Moller, H. Haunstein and S. HunsgcliPolarization mode dispersion induced
impairments in different modulation format systems|EEE/OSA Optical Fiber
Communication Conference / National Fiber Optic iBegrs Conference (OFC/NFOEC)
Paper TuO1, Atlanta, Georgia, USA, 2003.

[25] P. Boffi, M. Ferrario, L. Marazzi, P. MartellP. Parolari, A. Righetti, R. Siano, and M.
Martinelli, “Measurement of PMD tolerance in 40-Gbpolarization-multiplexed RZ-
DQPSK,”OSA Opt. Expresyol. 16, no. 17, pp.13398-13404, 2008.

[26] G. P. Agrawal, “Nonlinear fiber optics,*"4dition, Elsevier Inc., 2007

[27] A. R. Chraplyvy, A. H. Gnauck, R. W. Tkach, darkR. M. Derosier, “8 x 10 Gb/s
transmission through 280 km of dispersion-manadet,f IEEE Photon. Technol. Lettol.

5, no. 10, pp. 1233-1235, 1993.

[28] C. Kurtzke, “Suppression of fiber nonlineaggi by appropriate dispersion management”,
IEEE Photon. Technol. Letwol. 5, no. 10, pp. 1250-1252, 1993.

[29] T. Naito, T. Terahara, T. Chikama, and M. Suga “Four 5-Gb/s WDM transmission over
4760-km straight-line using pre- and post-dispersscompensation and FWM cross talk
reduction,” IEEE/OSA Optical Fiber Communication Conference atidhal Fiber Optic
Engineers Conference (OFC/NFOE®gaper WM3, San Jose, California, USA, 1996,.

[30] K. Inoue, “Fiber four-wave mixing suppressiosing two incoherent polarized lights,”
IEEE J. Lightw. Technglvol. 11, no. 12, pp. 2116-2122, 1993.

[31] D. van den Borne, S. L. Jansen, S. Calabrds.NHecker-Denschlag, G. D. Khoe, and H. de
Waardt, “Reduction of nonlinear penalties througihapzation interleaving in 2 x 10 Gb/s
polarization-multiplexed transmission|EEE Photon. Technol. Lettvol. 17, no. 6, pp.
1337-1339, 2005.

140



[32] S. Watanabe, T. Chikama, G. Ishikawa, T. Tarahand H. Kuwahara, “Compensation of
pulse shape distortion due to chromatic dispersamd Kerr effect by optical phase
conjugation,”IEEE Photon. Technol. Letvol. 5, no. 10, pp. 1241-1243, 1993.

[33] O. Kuzucu, Y. Okawachi, R. Salem, M. A. Fost&r C. Turner-Foster, M. Lipson, and A. L.
Gaeta, “Spectral phase conjugation via temporagingg” OSAOpt. Expressvol.17, no. 22,
pp. 20605-20614, 2009.

[34] X. Liu, X. Wei, R. E. Slusher, and C. J. McKitne, “Improving transmission performance
in different phase-shit-keyed systems by use opleainonlinear phase-shift compensation,”
OSAOpt. Lett, vol. 27, no. 18, pp. 1616-1618, 2002.

[35] C. Xu and X. Liu, “Postnonlinearity compensatiwith data-driven phase modulators in
phase-shift keying transmissiorSA Opt. Lett.vol. 27, no. 18, pp. 1619-1621, 2002.

[36] K. -P. Ho and J. M. Kahn, “Electronic competisa technique to mitigate nonlinear phase
noise,”|IEEE J. Lightw. Technalvol. 22, no. 3, pp. 779-783, 2004.

[37] F. Yaman and G. F. Li, “Nonlinear Impairmeningpensation for polarization-division
multiplexed WDM transmission using digital backwampagation,IEEE Photon. J.vol. 1,
no. 2, pp. 144-152, 2009.

[38] M. Rohde, C. Caspar, N. Heimes, M. KonitzerJEBachus, and N. Hanik, “Robustness of
DPSK direct detection transmission format in stadddére WDM systems,TEEE Electron.
Lett, vol. 36, no. 17, pp. 1483-1484, 2000.

[39] A. H. Gnauck, G. Raybon, S. Chandrasekhdredthold, C. Doerr, L. Stulz, A. Agarwal, S.
Banerjee, D. Grosz, S. Hunsche, A. Kung, A. Marbk)\D. Maywar, M. Movassaghi, X.
Liu, C. Xu, X. Wei, and D. M. Gill, “2.5 Th/s (64 42.7 Gb/s) transmission over 40 x 100
km NZDSF using RZ-DPSK format and all-Raman-amgdifispans, ITEEE/OSA Optical

141



Fiber Communication Conference / National Fiber ©ptEngineers Conference
(OFC/NFOEC) Paper FC2, Anaheim, California, USA, 2002.

[40] T. Mizuochi, K. Ishida, T. Kobayashi, J. Ab€, Kinjo, K. Motoshima, and K. Kasahara,
“A comparative study of DPSK and OOK WDM transmigsiover transoceanic distances
and their performance degradations due to nonlipbase noise,JEEE J. Lightw. Technaql.
vol. 21, no. 9, pp. 1933-1943, 2003.

[41] P. J. Winzer, A. H. Gnauck, G. Raybon, S. Ghlrasekhar, Y. K. Su and, and J. Leuthold,
“40-Gb/s return-to-zero alternate-mark-inversionZ{RMI) transmission over 2000 km,”
IEEE Photon. Technol. Letwvol. 15, no. 5, pp. 766-768, 2003.

[42] Y. Miyamoto, A. Hirano, K. Yonenaga, A. Sartd, Toba, K. Murata, and O. Mitomi, “320
Gbit/s (8x40 Gbit/s) WDM transmission over 367 knthwl20 km repeater spacing using
carrier-suppressed return-to-zero formdEEE Electron. Lett. vol. 35, no. 23, pp. 2041-
2042, 1999.

[43] C. Behrens, R. I. Killey, S. J. Savory, M. @hand P. Bayvel, “Reducing the impact of
intrachannel nonlinearities by pulse-width optiniz@a in multi-level phase-shift-keyed
transmission,”European Conference on Optical Communication (ECORgper 10.4.1,
Vienna, Austria, 2009.

[44] T. Oyama, T. Hoshida, H. Nakashima, C. Ohshigarao, and J. C. Rasmussen, “Impact
of pulse shaping and transceiver electrical banthsidon nonlinear compensated
transmission,"EEE/OSA Optical Fiber Communication Conferenceatidbhal Fiber Optic

Engineers Conference (OFC/NFOE®gper OTh3C.2, Anaheim, California, USA, 2013.

142



[45] L. Boivin and G. J. Pendock, “Receiver sengyi for optically amplified RZ signals with
arbitrary duty cycle,” irProc. Optical Amplifiers and Their Applicatio®AA), Paper ThB4,
1999.

[46] P. J. Winzer and A. Kalmar, “Sensitivity enlsament of optical receivers by impulsive
coding,”[EEE J. Lightw. Technglvol. 17, no. 2, pp. 171-177, 1999.

[47] W. Idler, A. Klekamp, R. Dischler, J. Lazasmd A. Konczykowska, “System performance
and tolerances of 43 Gb/s ASK and DPSK modulatmméts,” European Conference on
Optical Communication (ECOCIPaper 2.6.3, Rimini, Italy, 2003.

[48] P. J. Winzer and R.-J. Essiambre, “Advancedicap modulation formats,”|IEEE
Proceedingsvol. 94, no. 5, pp. 952-985, 2006.

[49] T. Yamamoto, “High-speed directly modulated laser$£EE/OSA Optical Fiber
Communication Conference / National Fiber Optic iBegrs Conference (OFC/NFOEC),
Paper OTh3F.5, Los Angeles, California, USA, 2012.

[50] B. W. Hakki, “Evaluation of transmission chateristics of chirped DFB lasers in dispersive
optical fiber,”IEEE J. Lightw. Technalvol. 10, no. 7, pp. 964-970, 1992.

[51] M. Aoki, M. Suzuki, H. Sano, T. Kawano, T. |d®. Taniwatari, K. Uomi, and A. Takali,
“InGaAS/InGaAsp MQW electroabsorption modulator egriated with a  DFB laser
fabricated by band-gap energy control selectiva M®CVD,” IEEE J. Quantum Electron.
vol. 29, no. 6, pp. 2088-2096, 1993.

[52] Y. C. Yu, R. Lewen, S. Irmscher, U. Westergreamd L. Thylen, “80 Gb/s ETDM
transmitter with a travelling-wave electroabsorptimodulator,”|[EEE/OSA Optical Fiber
Communication Conference / National Fiber Optic iBegrs Conference (OFC/NFOEC),
Paper OWE1, Anaheim, California, USA, 2005.

143



[53] X. Wei, J. Leuthold, and L. Zhang, “Delay-interometer-based optical pulse generator,”
IEEE/OSA Optical Fiber Communication Conference dtibhal Fiber Optic Engineers
Conference (OFC/NFOECIRaper WL6, Los Angeles, California, USA, 2004.

[54] K. Sato, “Semiconductor light sources for 4B/&transmission systemdEEE/ OSA J.
Lightw. Technol.vol. 20, no. 12, pp.2035-2043, 2002.

[55] K. Yonenaga, S. Kuwano, S. Norimatsu, and Nib&a, “Optical duobinary transmission
system with no receiver sensitivity degradatiolsEE Electron. Lett. vol. 31, no. 4, pp.
302-304, 1995.

[56] T. Ono, Y. Yano, K. Fukuchi, T. Ito, H. YamdaM. Yamaguchi, and K. Emura,
“Characteristics of optical duobinary signals imatst/s high-spectral efficiency WDM
systems,'IEEE J. Lightw. Technqlvol. 16, no. 5, pp. 788-797, 1998.

[57] A. H. Gnauck and P. J. Winzer, “Optical phaseft-keyed transmissionJEEE J. Lightw.

Technol, vol. 23, no. 1, pp. 115130, 2005.

[58] H. Kim and P. J. Winzer, “Robustness to lagsequency offset in direct-detection DPSK
and DQPSK systemslEEE J. Lightw. Technqlvol. 21, no. 9, pp. 1887-1891, 2003.

[59] K.-P. Ho, “Phase-modulated optical communimatsystems,” Springer Science + Business
Media, 2005.

[60] I. Kang, “Phase-shift-keying and on-off-keyingith improved performances using
eletroabsorption modulators with interferometriteefs,” OSAOpt. Expressvol.15, no. 4,
pp. 1467-1473, 2007.

[61] C. R. Doerr, L. M. Zhang, A. L. Adamiecki, N. Sauer, J. H. Sinsky, and P. J. Winzer,

“Compact EAM-based Inp DQPSK modulator and dematisin at 80 Gb/s,IEEE/OSA

144



Optical Fiber Communication Conference / Nationabdf Optic Engineers Conference
(OFC/NFOEC) Paper PDP33, Anaheim, California, USA, 2007.

[62] D. Mahgerefteh, Y. Matsui, C. Liao, B. Johnsdh Walker, X. Zheng, Z. F. Fan, K.
McCallion, and P. Tayebati, “Error-free 250 km samssion in standard fibre using compact
10 Gbit/s chirp-managed laser directly modulategia (CML) at 1550 nmJEEE Electron.
Lett, vol. 41, no. 9, pp. 543-544, 2005.

[63] Y. Matsui, D. Mahgerefteh, X. Zheng, C. Liab, F. Fan, K. McCallion, and P. Tayebati,
“Chirp-managed directly modulated laser (CMLUEEE Photon. Technol. Lettvol. 18, no.
2, pp. 385-387, 2006.

[64] M. Blez, D. Mathoorasing, C. Kazmierski, M. Qec, M. Gilleron, J. Landreau, and H.
Nakajima, “Very low chirping of InGaAs-InGaAlAs MQWFB BRS lasers under 10 Gbit/s
modulation,”IEEE J. Quantum Electronvol. 29, no. 6, pp. 1676-1681, 1993.

[65] J. Binder and U. Kohn, “10 Gbit/s-dispersigotimized transmission at 1.%8n wavelength
on standard single mode fibelZEE Photon. Technol. Lettvol. 6, no. 4, pp. 558-560, 1994.

[66] S. Mohrdiek, H. Burkhard, F. Steinhagen, HliHer, R. Losch, W. Schlapp, and R. Gobel,
“10-Gb/s standard fiber transmission using direatiydulated 1.5%m quantum-well DFB
lasers,”IEEE Photon. Technol. Lettvol. 7, no. 11, pp. 1357-1359, 1995.

[67] B. Wedding, B. Franz, and B. Junginger, “10&5bptical transmission up to 253 km via
standard single-mode fiber using the method ofet@pn-supported transmissionZEE J.
Lightw. Technol.vol. 12, no. 10, pp. 17201727, 1994.

[68] C.-H. Lee, S.-S Lee, H.-K. Kim, J.-H. Han, a@dS Shim, “Reduction of chirping penalty
in directly modulated multigigabit transmission t&yas by spectral filtering,Conf. Lasers

Electro-Optics (CLEQ)Paper CTull10, Baltimore, MD, 1995.

145



[69] C.-H. Lee, S.-S Lee, H.-K. Kim, J.-H. Han, a@d-S Shim, “Transmission of directly
modulated 2.5-Gb/s signals over 250-km of nondsparshifted fiber by using a spectral
filtering method,”IEEE Photon. Technol. Lettol. 8, no. 12, pp. 1725-1727, 1996.

[70] P. A. Morton, G. E. Shtengel, L. D. Tzeng,[R.Yadvish, T. Tanbun-EK, and R. A. Logan,
“38.5 km error free transmission at 10 Gbit/s ianstard fibre using a low chirp, spectrally
filtered, directly modulated 1.%%n DFB laser,"IEEE Electron. Lett. vol. 33, no. 4, pp. 310-
311, 1997.

[71] M. McAdams, E. Peral, D. Provenzano, W. K. Bfall, and A. Yariv, “Improved laser
modulation response by frequency modulation to #@og#® modulation conversion in
transmission through a fiber gratind\ppl. Phys. Lett.vol. 71, no. 7, pp. 879-881, 1997.

[72] D. Mahgerefteh, P. S. Cho, J. Goldhar, and.HMandelberg, “Penalty-free propagation
over 600 km of non-dispersion-shifted fiber at &b6/s using a directly laser modulated
transmitter,”Conf. Lasers Electro-Optics (CLE(aper CTuQ2, Baltimore, MD, 1999.

[73] T. Niemi, M. Uusimaa, S. Tammela, P. HeimdlaKajava, M. Kaivola, and H. Ludvigsen,
“Tunable silicon etalon for simultaneous spectiiéring and wavelength monitoring of a
DWDM transmitter,” IEEE Photon. Technol. Lettvol. 13, no. 1, pp. 58-60, 2001.

[74] D. Mahgerefteh, A. M. Benzoni, P. S. WestbrokkS. Feder, P. I. Reyes, P. Steinvurzel, B.
J. Eggleton, R. G. Ernst, L. A. Reith, and D. MILGDMRZ: a directly modulated 10-Gb/s
RZ source for ultralong-haul WDM system$EEE Photon. Technol. Lettvol. 14, no. 4, pp.
546-548, 2002.

[75] Finisar CML transmitter product specificatiofihttp://zh.finisar.com/products/optical-

components/CML-Transmitters/DM200-02” [on-line].

146



[76] G. P. Agrawal and N. K. Dutta, “Semicondudiasers,” 2% edition, Van Nostrand Reinhold,
New York, 1993.

[77] C. H. Henry, R. A. Logan, and K. A. Bertnes$Spectral dependence of the change in
refractive index due to carrier injection in Gafsérs,”J. Appl. Phys.vol. 52, no. 7, pp.
4457-4461, 1981.

[78] C. H. Henry, “Theory of the linewidth of semitductor lasers,JEEE J. Quantum Electron.
vol. 18, no. 2, pp. 259-264, 1982.

[79] T. L. Koch and J. E. Bowers, “Nature of wavedéh chirping in directly modulated
semiconductor laserslEEE Electron. Lett. vol. 20, no. 25/26, pp. 1038-1039, 1984.

[80] T. L. Koch and R. A. Linke, “Effect of nonliae gain reduction on semiconductor laser
wavelength chirping,Appl. Phys. Lett.vol. 48, no. 10, pp. 613-615, 1986.

[81] R. J. Corvini and T. L. Koch, “Computer simtitan of high-bit-rate optical fiber
transmission using single-frequency lasetg&EE J. Lightw. Techngl.vol. 5, no. 11, pp.
1591-1594, 1987.

[82] D. J. Channin, “Effect of gain saturation ameiction laser switching,J. Appl. Phys.vol.
50, no. 6, pp. 3858-3860, 1979.

[83] M. J. Adams and M. Osinski, “Influence of spat hole-burning on quaternary laser
transients,1EEE Electron. Lett.vol. 19, no. 16, pp. 627-628, 1983.

[84] J. Manning, R. Olshansky, D. M. Fye, and WwRginik, “Strong influence of nonlinear
gain on spectral and dynamic characteristics ofak&P lasers,IEEE Electron. Lett, vol.

21, no. 11, pp. 496-497, 1985.

147



[85] M. Asada and Y. Suematsu, “Density-matrix ttyeof semiconductor laser with relaxation
broadening model-gain and gain-suppression in serdiector lasers,IEEE J. Quantum
Electron, vol. 21, no. 5, pp. 434-442, 1985.

[86] G. S. Pandian and S. Dilwali, “On the therrM response of a semiconductor laser diode,”
IEEE Photon. Technol. Letwol. 4, no. 2, pp. 130-133, 1992.

[87] B. Johnson, D. Mahgerefteh, K. McCallion, zark- D. Piede, and P. Tayebati, “Thermal
chirp compensation systems for a chirp managedttiirmodulated laser (CMLY) data link,”
U. S. Patent ApplicatignUS 7505694B2, 2009.

[88] H. Shalom, A. Zadok, M. Tur, P. J. Legg, W. Oornwell, and I. Andonovic, “On the
various time constants of wavelength changes of& ser under direct modulationEEE
J. Quantum Electronvol. 34, no. 10, pp. 1816-1822, 1998.

[89] S. Kobayashi, Y. Yamamoto, M. Ito, and T. Kirau “Direct frequency modulation in
AlGaAs semiconductor laserdEEE J. Quantum Electronvol. 18, no. 4, pp. 582-594, 1982.

[90] G. Jacobsen, K. Emura, T. Ono, and S. YamaZRkiquirements for LD FM characteristics
in an optical CPFSK systemEEE J. Lightw. Technalvol. 9, no. 9, pp. 1113-1123, 1991.

[91] K. Iwashita, and T. Matsumoto, “Modulation amtktection characteristics of optical
continuous phase FSK transmission systdBEEE J. Lightw. Technqglvol. 5, no. 4, pp. 452-
460, 1987.

[92] S. P. Mazumder, R. Gangopadhyay, E. Forestard G. Prati, “Sensitivity penalty for
AMI-coded CPFSK in heterodyne delay demodulatioceneer,” IEEE Photon. Technol.

Lett, vol. 7, no. 10, pp. 1207-1209, 1995.

148



[93] E. Forestieri and G. Prati, “Analysis of delayd-multiply optical FSK receivers with line
coding and non-flat laser FM respons&EE J. Sel. Areas Communrol. 13, no. 3, pp. 543-
556, 1995.

[94] P. Baroni, V. Miot, A. Carena, and P. Poggigli‘8B10B line coding to mitigate the non-
uniform FM laser response of direct modulated CPR&iasmitter,” OSA Opt. Express
vol.16, no. 10, pp. 7279-7284, 2008.

[95] G. P. Agrawal, “Effect of gain and index nowdarities on single-mode dynamics in
semiconductor laserslEEE J. Quantum Electropvol. 26, no. 11, pp. 1901-1909, 1990.

[96] R. Olshansky, P. Hill, V. Lanzisera, and W.wRainik, “Frequency response of lugn
InGaAsP high speed semiconductor laselfSEE J. Quantum Electronvol. 23, no. 9, pp.
1410-1418, 1987.

[97] K. Uomi, M. Aoki, T. Tsuchiya, M. Suzuki, and. Chinone, “Dependence of relaxation
oscillation frequency and dampirig factor on the number of quantum wells in 1,56
InGaAsP DFB lasersJEEE Photon. Technol. Letwol. 3, no. 6, pp. 493-495, 1991.

[98] T. Takahashi and Y. Arakawa, “Nonlinear gaffeets in quantum well, quantum well wire,
and quantum well box laserdEEE J. Quantum Electronvol. 27, no. 6, pp. 1824-1829,
1991.

[99] Y. Arakawa and T. Takahashi, “Effect of nomar gain on modulation dynamics in
quantum-well lasersJEEE Electron. Lett. vol. 25, no. 2, pp. 169-170, 1989.

[100] D. Mahgerefteh, Y. Matsui, X. Zheng, and K.c®tllion, “Chirp managed laser and
applications,"lEEE J. Select. Topics Quantum Electroml. 16, no. 5, pp. 1126-1139, 2010.

[101] D. Mahgerefteh, Y. Matsui, X. Zheng, H. Cheh, Zhou, M. Deutsch, G. Larosa,
K.McCallion, Z. F. Fan, P. Tayebati, G. Yoffe, i M. Emanuel, S. A. Rishton, X. Hong,

149



R. Narayan, and B. Pezeshki, “Tunable chirp manadaser,”|[EEE Photon. Technol. Lett.
vol. 20, no. 2, pp. 108-110, 2008.

[102] Y. Yokoyama, T. Hatanaka, N. Oku, H. TanakaKobayashi, H. Yamazaki, and A.
Suzuki, “10.709-Gb/s-300-km transmission of PLCdashshirp managed laser packaged in
pluggable transceiver without any optical or eliealrdispersion compensatiorEuropean
Conference on Optical Communication (ECORaper We.1.C.4, Brussels, Belgium, 2008.

[103] S. Chandrasekhar, D. C. Kilper, X. Zheng,Nahgerefteh, Y. Matsui, K. McCallion, Z.
Fan, and P. Tayebati, “Evaluation of chirp-manalgeers in a dispersion managed DWDM
transmission over 24 span$iFEE/OSA Optical Fiber Communication Conferenceatfidhal
Fiber Optic Engineers Conference (OFC/NFOER3per OThL7, Anaheim, California, USA,
2007.

[104] S. Matsuo, T. Kakitsuka, T. Segawa, N. Fupayay. Shibata, H. Oohashi, H. Yasaka, and
H. Suzuki, “Extended transmission reach using aptidtering of frequency-modulated
widely tunable SSG-DBR laserlEEE Photon. Technol. Lettvol. 20, no. 4, pp. 294-296,
2008.

[105] S. Matsuo, T. Kakitsuka, T. Segawa, R. S#tdhibata, R. Takahashi, H. Oohashi, and H.
Yasaka, “4 x 25 Gb/s frequency-modulated DBR lemeay for 100-GbE 40-km reach
application,”IEEE Photon. Technol. Lettvol. 20, no. 17, pp. 1494-1496, 2008.

[106] T. Kakitsuka, S. Matsuo, T. Segawa, Y. Shabat. Kawaguchi, and R. Takahashi, “20-km
transmission of 40-Gb/s signal using frequency netdd DBR laser,1IEEE/OSA Optical
Fiber Communication Conference / National Fiber ©ptEngineers Conference

(OFC/NFOEC),Paper OThG4, San Diego, California, USA, 2009.

150



[107] J. Yu, P. N. Ji, Z. Jia, T. Wang, X. Zheng,Matsui, D. Mahgerefteh, K. McCallion, Z. F.
Fan, and P. Tayebati, “42.8 Gbit/s chirp-managgdaditransmission over 20 km standard
SMF at 1550 nm without DCFJEEE Electron. Lett. vol. 43, no. 23, 2007.

[108] J. Yu, M.-F. Huang, P. N. Ji, and T. Wang2.8 Gb/s chirp-managed signal transmission
over 100 m graded-index plastic optical fibelEEE/OSA Optical Fiber Communication
Conference / National Fiber Optic Engineers Confees (OFC/NFOEC)Paper PDP28, San
Diego, California, USA, 2008.

[109] J. Yu, Z. Jia, M.-F. Huang, M. Haris, P. N.T. Wang, and G.-K. Chang, “Applications of
40-Gb/s chirp-managed laser in access and metveoriet,” IEEE J. Lightw. Technqglvol.
27, no. 3, pp. 253-265, 2009.

[110] M.-F. Huang, J. Yu, M. Haris, P. N. Ji, T. Wp and G.-K. Chang, “42.8-Gb/s chirp-
managed signal transmission over 640-km SSMF \aithel dispersion tolerancdEEE/OSA
Optical Fiber Communication Conference / Nationabdf Optic Engineers Conference
(OFC/NFOEC) Paper OThG5, San Diego, California, USA, 2009.

[111] H. Kim, S. K. Kim, H. Lee, S. Hwang, and Y.hQ“A novel way to improve the
dispersion-limited transmission distance of eledbsorption modulated lasersJEEE
Photon. Technol. Lettvol. 18, no. 8, pp. 947-949, 2006.

[112] K. Hasebe, S. Matsuo, H. Sanjoh, A. Ohki, Klakitsuka and Y. Shibata, “Directly
frequency modulated DFB laser integrated with EAdoiator for extended transmission
reach,”European Conference on Optical Communication (EC@@per Th.9.D.5, Torino,
Italy, 2010.

[113] K. Kechaou, T. Anfray, K. Merghem, C. Aupdaerthelemot, G. Aubin, C. Kazmierski, C.
Jany, P. Chanclou, and D. Erasme, “First demonstraif dispersion limit improvement at

151



20 Gb/s with a dual electroabsorption modulatederlasIEEE/OSA Optical Fiber
Communication Conference / National Fiber Optic iBegrs Conference (OFC/NFOEC),
Paper OTh3F.1, Los Angeles, California, USA, 2012.

[114] K. Kechaou, T. Anfray, K. Merghem, C. Aupdaerthelemot, G. Aubin, C. Kazmierski, C.
Jany, P. Chanclou, and D. Erasme, “NRZ transmissgoge record at 40-Gb/s in standard
fiber using a dual electro-absorption modulateceddsEuropean Conference on Optical
Communication (ECOCPaper Mo.1.E.2, Amsterdam, Netherlands, 2012.

[115] J. L. Wei, C. Sanchez, R. P. Giddings, E. tegySalas, and J. M. Tang, “Significant
improvements in optical power budgets of real-topécal OFDM PON systems(®SAOpt.
Expressvol.18, no. 20, pp. 20732-20745, 2010.

[116] Z. X. Liu and C.-K. Chan, “Generation of despion tolerant Manchester-duobinary signal
using directly modulated chirp managed las#EE Photon. Technol. Lettvol. 23, no. 15,
pp. 1043-1045, 2011.

[117] Z. X. Liu, J. Xu, Q. K. Wang, and C.-K. ChdRayleigh noise mitigated 70-km-reach bi-
directional WDM-PON with 10-Gb/s directly modulatetManchester-duobinary as
downstream signal,[EEE/OSA Optical Fiber Communication Conferenceatidbhal Fiber
Optic Engineers Conference (OFC/NFOEEgper OW1B.2, Los Angeles, California, USA,
2012.

[118] S. Chandrasekhar, C. R. Doerr, L. L. Buhl,Nbahgerefteh, Y. Matsui, B. Johnson, C.
Liao, X. Zheng, K. McCallion, Z. Fan, and P. Tayebdlexible transport at 10-Gb/s from 0O
to 675 km (11,500 ps/nm) using a chirp-managedr,ase DCF, and a dynamically

adjustable dispersion-compensating receivéEEE/OSA Optical Fiber Communication

152



Conference / National Fiber Optic Engineers Confer (OFC/NFOEC)Paper PDP30,
Anaheim, California, USA, 2005.

[119] C. R. Doerr, M. Cappuzzo, A. Wong-Foy, L. Gemn E. Laskowski, and E. Chen,
“Potentially inexpensive 10-Gb/s tunable dispersmympensator with low polarization
sensitivity,”|IEEE Photon. Technol. Lettvol. 16, no. 5, pp. 1340-1342, 2004.

[120] P. J. Winzer, F. Fidler, M. J. Matthews, L. ¥elson, S. Chandrasekhar, L. L. Buhl, M.
Winter, and D. Castagnozzi, “Electronic equalizatemd FEC enable bidirectional CWDM
capacities of 9.6 Th/s-kmJEEE/OSA Optical Fiber Communication Conferenceafidhal
Fiber Optic Engineers Conference (OFC/NFOE®gper PDP7, Los Angeles, California,
USA, 2004.

[121] S. Chandrasekhar, C. R. Doerr, L. L. Buhl, Matsui, D. Mahgerefteh, X. Zheng, K.
McCallion, Z. Fan, and P. Tayebati, “Repeaterleaasmission with negative penalty over
285 km at 10 Gb/s using a chirp managed lasEEE Photon. Technol. Lettvol. 17, no. 11,
pp. 2454-2456, 2005.

[122] S. Chandrasekhar, A. H. Gnauck, G. Rayborl,.L.Buhl, D. Mahgerefteh, X. Zheng, Y.
Matsui, K. McCallion, Z. Fan, and P. Tayebati, “@hmanaged laser and MLXE-RX
enables transmission over 1200 km at 1550 nm i\WDBI environment in NZDSF at 10
Gb/s without any optical dispersion compensati®6EE Photon. Technol. Lettvol. 18, no.
14, pp. 1560-1562, 2006.

[123] X. Zheng, K. McCallion, D. Mahgerefteh, Y. Kai, Z. F. Fan, J. Zhou, and M. Deutsch,
“Performance demonstration of 300-km dispersion oumeensated transmission using
tunable chirp-managed laser and EDC integratalbbesmall-form-factor XFP,ITEEE/LEOS
Summer Topical MeetingRaper TuD2.2, Acapulco, 2008.

153



[124] X. Zheng, S. Priyadarshi, D. MahgereftehMatsui, T. Nguyen, J. Zhou, M. Deutsch, V.
Bu, K. McCallion, J. Zhang, and P. Kiely, “Transsian from 0-360 km (6120 ps/nm) at 10
Gb/s without optical or electrical dispersion comgetion using digital pulse shaping of a
chirp managed laserlEEE/OSA Optical Fiber Communication Conferencatidhal Fiber
Optic Engineers Conference (OFC/NFOE®gper OThE5, San Diego, California, USA,
2009.

[125] A. S. Karar, J. C. Cartledge, and K. Robeffgansmission over 608 km of standard
single-mode fiber using a 10.709-Gb/s chirp manatger and electronic dispersion
precompensationJEEE Photon. Technol. Letwol. 24, no. 9, pp. 760-762, 2012.

[126] S. Chandrasekhar, A. H. Gnauck, L. L. Buhl,2Zbeng, D. Mahgerefteh, Y. Matsui, K.
McCallion, Z. F. Fan, and P. Tayebati, “Single amantransmission over 9280 km at 10-
Gb/s using small form factor chirp managed laseregating RZ AMI modulation format,”
European Conference on Optical Communication (ECARD) Paper Th 4.2.5, Glasgow,
Scotland, 2005.

[127] S. Chandrasekhar, A. H. Gnauck, D. Mahgehefte Zheng, Y. Matsui, K. McCallion, Z.
Fan, and P. Tayebati, “Experimental study compadhgracteristics of 10-Gb/s RZ-AMI
formats generated by CML and MZM-DI transmitterslEEE/OSA Optical Fiber
Communication Conference / National Fiber Optic iBegrs Conference (OFC/NFOEC),
Paper OThI4, Anaheim, California, USA, 2006.

[128] J. Franklin, L. Kil, D. Mooney, D. MahgerefteX. Zheng, Y. Matsui, K. McCallion, F.
Fan, and P. Tayebati, “Generation of RZ-DPSK usinghirp-managed laser (CML),”
IEEE/OSA Optical Fiber Communication Conference dtibhal Fiber Optic Engineers
Conference (OFC/NFOECRaper JWA67, San Diego, California, USA, 2008.

154



[129] R. S. Vodhanel, “5 Gbit/s direct optical DP&todulation of a 1530-nm DFB lasetEEE
Photon. Technol. Lettvol. 1, no. 8, pp. 218-220, 1989.

[130] X. Zheng, D. Mahgerefteh, Y. Matsui, X. Ye, Bu, K. McCallion, H. Xu, M. Deutsch, H.
Ereife], R. Lewén, J.-O. Wesstim, R. Schatz, and P.-J. Rigole, “Generation of RMIA
using a widely tuneable modulated grating Y-bramtfirp managed laser,[EEE/OSA
Optical Fiber Communication Conference / Nationabdf Optic Engineers Conference
(OFC/NFOEC) Paper OThE5, San Diego, California, USA, 2010.

[131] M. Radziunas, U. Bandelow, M. Wolfrum, U. prenz, J. Kreissl, A. Glitzky, and R.
Hunlich, “Design of multisection semiconductor lader 40 Gb/s direct modulation,”
European Conference on Optical Communication (ECO%per We4. P. 088, Glasgow,
Scotland, 2005.

[132] C. Yu, Z. Pan. T. Luo, S. Kumar, L.-S. Yan,Zhang, L. Zhang, Y. Wang, M. Adler, and
A. E. Willner, “160-GHz pulse generator using a@blz phase modulator and PM fiber,”
IEEE/OSA Optical Fiber Communication Conference dtidbhal Fiber Optic Engineers
Conference (OFC/NFOECRaper OThR5, Anaheim, California, USA, 2005.

[133] A. J. Torregrosa, H. Maestre, J. Capmany, @ndR. Fernandez-Pousa, “Return-to-zero
pulse generators using overdriven amplitude modtdaat one fourth of the data rate,”
Photon. Technol. Lettvol. 19, no. 22, pp. 1837-1839, 2007.

[134] R. S. Vodhanel, A. F. Elrefaie, R. E. Wagné, Z. Igbal, J. L. Gimlett, and S. Tsuji,
“Ten-to-twenty gigabit-per-second modulation peniance of 1.5tm distributed feedback
lasers for frequency-shift-keying system$ZEE J. Lightw. Technqgl.vol. 7, no. 10, pp.

1454-1460, 1989.

155



[135] Q. T. Le, K. Zogal, T. von Lerber, C. GieA, Emsia, D. Briggmann, and F. Kueppers,
“Direct DPSK modulation of chirp managed laserssdgmmetrical 10-Gbit/'s WDM-PONSs,”
European Conference on Optical Communication (ECO®%per P6.14, Amsterdam, The
Netherlands, 2012.

[136] Q. T. Le, A. Emsia, D. Briggmann, and F. Képp “Direct DPSK modulation of chirp-
managed laser as cost-effective downstream traresnidr symmetrical 10-Gbit/s WDM
PONSs,”OSAOpt. Expressvol.20, no. 26, pp. B470-B478, 2012.

[137] D. Mahgerefteh, K. McCallion, The'Linh Nguyeand D. Alluche, “Chirped laser with
passive filter element for differential phase skéying generation,US Patent Application
UsS0003842 A1, 2009.

[138] Y. Matsui, D. Mahgerefteh, X. Zheng, X. Ye, KMIcCallion, H. Xu, M. Deutsch, R. Lewén,
J. O. Wesstrom, R. Schatz, and P. J. Rigole, “Widehable modulated grating Y-branch
chirp managed laser,European Conference on Optical Communication (EGCR3per
PDL1.5, Vienna, Austria, 2009

[139] H. Yamazaki, T. Saida, T. Goh, A. Mori, andMino, “Dual-carrier IQ modulator using a
complementary frequency shifter,European Conference on Optical Communication
(ECOC) Paper Mo.1.LeSaleve.5, Geneva, Switzerland, 2011.

[140] L. B. Du, J. Schroder, J. Carpenter, B. JglEmn, and A. J. Lowery, “Flexible all-optical
OFDM using WSSs,TEEE/OSA Optical Fiber Communication Conferenceatidhal Fiber
Optic Engineers Conference (OFC/NFOE®gper PDP5B.9, Anaheim, California, USA,

2013.

156



Appendix

A. List of abbreviations

AMI: alternate-mark inversion

AM: amplitude modulation

Amp.: amplifier

ASE: amplified spontaneous emission
Att.: attenuator

BER: bit-error-rate

BERT: BER-tester

BtB: back-to-back

CD: chromatic dispersion

CDR: clock-data recovery

CML: chirp managed laser

Comb.: combiner

CSRZ: carrier-suppressed RZ

CW: continuous-wave

DAC: digital-to-analog converter
DBPSK: differential binary phase-shift-keying
DBR: distributed-Bragg-reflector

DCF: dispersion compensating fiber

DCM: dispersion compensating module
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D-EML: dual-modulated EML

DEMUX: demultiplexer

DFB: distributed-feedback

DFE: detection feedback equalization
DGD: differential group delay

DI: delay interferometer

DML.: directly modulated laser

DQPSK: differential quadrature phase-shift-keying
DSP: digital signal processing

EAM: electro-absorption modulator

EDC: electronic dispersion compensation
EDFA: erbium-doped fiber amplifier

EML.: electro-absorption modulated laser
ER: extinction ratio

FBG: fiber Bragg grating

FFE: feedforward equalization

FM: frequency modulation

FM-DBR: frequency-modulated DBR

FP: Fabry-Perot

FSR: free-spectral-range

FWM: four-wave mixing

GI-POF: graded index plastic optical fiber
GVD: group velocity dispersion
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IM: intensity modulator

IM-DD: intensity-modulation and direct-detection
IRZ: Inverse-RZ

ISI: inter symbol interference

ITU: International Telecommunication Union
LO: local-oscillator

MG-Y: Modulated Grating Y-branch

MLSE: maximum likelihood sequence estimation
MZM: Mach-Zehnder modulator

NDSF: non-dispersion-shifted fiber

NRZ: non-return-to-zero

NZDSF: nonzero dispersion-shifted fiber
OBPF: optical band pass filter

ODC: optical dispersion compensation
OOK: on-off-keying

OPLL: optical phase locked loop

OSA: optical spectrum analyzer

OSNR: optical signal-to-noise ratio

OSR: optical spectrum reshaper

PAM: pulse-amplitude-modulation

PC: polarization controller

PD: photo-detector

PLC: planer lightwave circuit
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PM: phase modulator

PMD: polarization mode dispersion
PMF: polarization-maintaining fiber
Pol-SK: polarization shift keying

PON: passive optical network

PPG: pulse pattern generator

PRBS: pseudo-random binary sequence
PSP: principal orthogonal state of polarization
QAM: quadrature amplitude modulation
QW: quantum-well

RMS: root-mean-square

RZ: return-to-zero

SBS: stimulated Brillouin scattering
SHB: spectral hole-burning

SMF: single mode fiber

SPM: self-phase modulation

SRS: stimulated Raman scattering
SSMF: standard single mode fiber

TDM: time division multiplexing

TEC: thermoelectric cooler

TIA: transimpedance amplifier

TOSA: transmitter optical sub-assembly
VCSEL.: vertical-cavity surface-emitting laser
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VOA: variable optical attenuator

WDM: wavelength division multiplexing
XFP: small form factor pluggable

XOR: exclusive-or

XPM: cross-phase modulation
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