Techniques foEnablingHigh-Order Modulation Formats in
ShortReach Optical Communication NetworRased on

Directly Modulated Lasers

by

Nebras Deb

A thesis submitted to the Graduate Program in
Department of Electrical afdomputer Engineering
in conformity with the requirements for

the Degree of Doctor of Philosophy

Queen's University
Kingston, Ontario, Canada

Decemier 220

Copyright© Nebras Deb, 220



Abstract

The need to satisfy bandwidbiungry applications with a growing number of internet users
has raised the requirements for capacity and reach in optical communication systems. Recent
advances in field modulation and digital coherent detection enabledajmpigin long and
mediumreach systems. For shagach systems, such as intrand interdata center
connections, solutions which consider their sensitivity to both cost and system complexity are
required. Systems based on intensity modulation andtdietection (IM/DD) are good
candidates to fulfill the requirements of many streeich applicationdn an IM/DD channel
chromatic dispersion and thiispersiorinduced frequencgelective power fadingre major
issueswvhich limit the system performanciEne primary objective of this research is to enhance
the transmission performance in IM/DD systems, with a focus on using a transmitter based on
a directlymodulated laser (DML). The capacity and reach of an IM/DD system are improved
by employing higheorder modulation formats and mitigatiehromatic dispersion and the
resultingfrequencyselective power fading.

For this purpose, two main approaches are investigated by simulation. In both approaches,
higherorder modulation formats are enabled by empigubcarrier modulation (SCM) with
a transmitter based on the direct modulation of a 10 Gb/s commercial packaged laser. For

modeling the laser, a raggjuations model is adopted. Thalues of the rate equations



parameters and the elements in an equival&nuit model for the electrical interface are
extracted based on a series of measurements using a comprehensive procedure.

In the first approach, several radio frequency (RF) channels using the same modulation format
are multiplexed before driving theML. The frequencyselective power fading is mitigated by
optimizing the modulation conditions of the DML and employing power loading of the RF
channelsUsing a practical twaone test and the received sigt@hoiseanddistortion ratios,

an iterative ppcedure is presented to calculatergnguired power loadinghich equalizes the
performance of the channelk the second approach, vestigial sideband transmission is
employed to mitigate the frequensglective power fading of the channel. The use ef th
KramersKronig (KK) receiver with a DML is validated, and the KK receiver is utilized to
enhance the system performance with the compensation of chromatic dispersion in single

channel transmission.
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Chapter 1

Introduction

Traditionally, fiber optic communications focused on delivering igbed data over very long
distances across the globe, which is referred to asrkaxh optical networks. Recently,
motivated by the increasing demand for higfeed connections, the d@gment of optical
technology has been also adopted in meediama shorreach communication networks.

Typically, longreach optical networks have transmission distances betweeb0600 km,

while shortreach optical networks refer to optical communimatiinks with transmission
distances between few hundreds of meters to several tens of kilometers. In between the two are
metro optical networks. The main examples of sheach optical networks are access
networks and data center (DC) networks.

Access etworks refer to the links between end users (residential and-termaéldium
businesses) and outermost switching offices of network providers. On the other hand, DC
networks can be intreor interDC networks. IntreDC networks are sherange networks
which connect servers within a DC as depicted in Figure 1.1. With their short transmission
distances of less than 300 meters, they are usually implemented usingnodstifibers

(MMF5s). InterDC networks refer to the links between DCs. They have long rasgeking

1



transmission distances up to 40 km. Therefore, they are implemented using standard single
mode fibers (SSM$§). The range of these networks is expected to be extended in the near future

to cover transmission distances up to 80[kim

ta Cent
ata Center Data
. Center 3
ata
Center
o R
Short Range, (SR) Long Range, (LR) Extended Range, (ER)
Intra-DC Inter-DC Inter-DC
(SR, MMF)300m (1R ssmF) 20 km  (ER, ssMF) 40 km(Present) 80 km(Future)
L T - - f

Figure 11. The length scale of intesind intraDC shortreach optical networkd], © 2018,

IEEE.

Recent Cisco reports predict that the global DC internet protocol (IP) traffic to reach 15.3
zettabytes (ZB) in 2020, up from 4.7 ZB in 225 With a 3fold growth in only 5 years, this
confirms the importance of shendach networks, particularly in DC applications. The number
of internet users is predicted to reach 5.3 billion (66 percent of global population) by 2023, up
from 3.9 billion internet users (51 pert of global population) in 201[8]. The number of
devices connected to IP networks will be more than three times the global population by 2023,
reaching an astonishing number of 29.3 billion devices. Content providers such as Facebook,
Amazon and Googleave invested heavily in their own infrastructure and overtaken traditional
telecommunication carriers as market drivers for optical transceivers, especially foeslsbrt

networks.



This explosive growth in the number of internet users and connectegsleecessitates
enhancing system performance of communication networks not only in thbdohgegment,
but also in the metro and shaoetach segments simultaneously. In the same time,-saurh
networks have unique challenges such as the size rof ftors of transceivers. The form
factor becomes more important in DC applications as it significantly affects port density and
rack size which translates into the overall size of a DC. Other challenges relate to the cost and
complexity of optical transgvers. Therefore, components such as a vertaty surface
emitting laser (VCSEL), directiynodulated laser (DML) and electedsorption modulator
(EAM) are preferred at the transmitter side over components sidhiciisZehnder modulator
(MZM) . Howeve, these lowcost components produce nimealities resulting in transmission
impairments specific to shereach systems. For example, the direct modulation of a laser
produces frequency chirp in the modulated signal which results in enhancing theokffect
chromatic dispersion (CD) and thus limiting the transmission distance. At the receiver side,
direct detection (DD) is preferred over coherent detection. This also results in challenges due
to the nonlinear nature of squdeav detection.

The research psented in this thesis is motivated by the need for higher bit rates and longer
transmission distances in shoeach optical communication links. The focus is on utilizing
higherorder modulation formats and maximize the reach in a DML/DD unamplifiedaitk
target transmission distances > 20 Hihe main challenge to achieve this goal in a DML/DD
system is the dispersianduced frequencgelective power fading. Two approaches are used
to overcome this challenge. In the first approach, frequency divisigdtiplexing is used with
power loading to adapt the power of the subchannels at the input of the DML to the channel

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



frequency selective power fadingrstigatedby usingvestigial sidebantransmission with

the KramersKronig (KK) receiver asvill be detailed in Chapter 5.

1.1 Contributions

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

[J1] Nebras Deb, and John C. Cartledge. "Employing sigrabiseanddistortion ratio for
power loading of a directly modulated laser in an FDM syst@ptics Communicationé75
(2020): 126195.

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

directly-modulated laser Optics Communication@020): 126472.

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

i1 For the direct modulation of a laser using frequency division multiplexed (FDM)
channels, an itetiwe procedure is presented for power loading based on the-signal
to-noiseanddistortion ratio. The power of nonlinear distortion arising from the
modulation dynamics of the laser and dispersive transmission combined with direct
detection is estimated ugj a twetone test with the power being determined within
the receiver bandwidth for each FDM channel. This allows the signal distortion to be
isolated and provides a generic result that avoids having to specify the modulation
format and execute systeewvel simulations. The noise arising from the receiver
front-end is described by an equivalent thermal noise. Given the importance of
accurately modelling the modulation response of the laser, values for the parameters

in the rate equations and the elementar equivalent circuit model for the electrical



interface are extracted based on a series of measurements. The power loading
procedure is tested numerically with 16 FDM channels usiayy hase shift keying
(8-PSK), 16-ary quadrature amplitude modulatiql6-QAM), or 32QAM. The
resulting FDM signal is transmitted over 30 km of SSMF followed by direct detection.
In the case of using 1QAM, 60.8 Gb/s transmission is achieved, and despite the
frequencyselective power fading, all channels perform undettéinget bit error ratio

of 3.8 103, This limit represents the pferward error correction (FEC) requirement
with a 7% overheadMoreover, he robustness of the power loading profile is
evaluated by changing the transmission distance while using aeppfimized for a
specific distance.

Much of the work on using the Kikeceiver have relied on transmitters using external
cavity lasers and external modulators. Alternatively, a EtMked transmitter can be
used with the KK receiver. Such a scheme has not been investigated, particularly in
terms of the accompanying advarda@nd tradeffs. In addition, this scheme paves

the way for a wider application of the KK receiver in DNdhsed systems with
reduced cost and complexity. Here, the validity of the KK receiver in a DML/DD
system is demonstrated by considering a linearinion to the optical phase arising
from a numerical solution of the laser rate equations as a frequency shift of the optical
spectrum.The modulated optical signal with a large enougtrierto-signalpower

ratio (CSPR)could then meet the minimuphase condition required by the KK
algorithm. Using simulation, a system model is presented based on the direct
modulation of a 10 Gb/s distributed feedback laser withkQABA subcarrier

modulation. The modulated signal is optically filtered, and a 53.5 Gig8gial
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sideband signal is transmitted over 65 km of SSMF. CD compensation is applied after
direct detection with a KK receiver. In addition, the impact of the optical filter

parameters and receiver sampling rate on system performance are investigated.

1.2 Organization of Thesis

The thesis is organized as follows:

1 Chapter 2: Major impairments and a review of the most common approaches to enable
higherorder modulation formats in shen¢ach optical networks.

1 Chapter 3: Description of the laser model areddiocedure to extract the rate equation
parameterand the elements in an equivalent circuit model for the electrical interface

1 Chapter 4: Employingignatto-noiseanddistortion ratio for power loading of the
DML in an FDM systemThis chapter is baseaxh [J1].

1 Chapter 5: Employing KK receiver for dispersion compensation in a DML/DD system.
This chapter is based on [J2].

1 Chapter 6: Summary of the theaisd future work



Chapter 2

SheRetach Opti d/old uNeattwornk s

Formats bBmpgaMament s

2.1 Major impairments in short -reach optical networks

Signals travellingthroughoptical fibers suffer from fiber impairments which degrade the
original signals. The fiber impairments can be divided into two classes: linear impairments and
nonlinear impairments. When the launched poieeel into the fiber is moderate, in the
milliwatt range, optical communication networks experience linear effects: attenuation and
fiber dispersion. Fiber dispersion includ€D, polarizatioamode dispersion and modal
dispersion. Increasing the launched power can lead to nonlinear effects in thidditdarear
effects in optical fibers originate from the intensity dependence of the refractiveahthex

fiber and includesel-phase modulation, croghase modulatigrandfour-wave mixing.

Generally, with relatively lowevel launched powers and transmission distances < 100 km,
nonlinear effects may be neglectedshortreach optical networkgl]. Besides attenuation,
fiber dispersion is the most important linear impairment that limitpén®rmance of signals.
The work introduced in this thesis employs SSMFs@Bdvith a singlephotodetecto(PD),
therefore, we will focus on fiber chromatic dispersion only.
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2.1.1 Attenuation

Light travelling in an optical fiber loses power over distancetvig mainly caused by material
absorption and Rayleigh scatteriffy. The former is affected by the level of impurity in the
fiber. The latter is caused by local fluctuation of the refractive index. Attenuation in fiber optic
systems is expressed by thienuation coefficient measured in Np/m. I (Watts) is the
launch power at the input of a fiber, and the power of the optical signal after a propagation

distancaXis 0 & , then

0a 0Qonf a (2.1)

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

propagation. It is customary to expresi units of dB/km by using the relation
— @& T1|o (22

In the wavelength range around 1550 oonresponding to the-Band, the attenuation of a

SSMEF is around 0.2 dB/km.

2.1.2 Chromatic Dispersion
Chromatic dispersion accounts for both material and waveguide dispgddioand is
manifested as a frequency dependent propagation constantwhich can be approximated

by a Taylor series expansion around the carrier freqaency ¢* "Q

[Th

r1f 1 1 -1 1 1 =1 1 (2.3)

The constarit T ] and:



f — a plgrB (2.4)

Here, terms withd o can be neglected assuming the so called slowly varying envelope
approximation of the electrical field, since the optical signal bandveidths considerably
small relative to the carrier frequenicy [4].T is of particular interest and is known as the
group velocity dispersion. Conventionally, the dispersion paraif@eiedefined in terms of

T as:

(o J— (2.5)

whereais the speed of light in vacuum andis the optical carrier wavelength. For a SSMF,
the parameteD is wavelength dependent and takes a value between 16 ps/nm/km and 17
ps/nm/kmin the Gband Mathematicallythe transfer function of theptical fiber due to

chromatic dispersion onlgan be expressed H§:

017 Aof—— (2.6)

whered is the length of the fiber. Clearll) 1 represents a phasaly transfer function

that applies different phase shifts to the different frequency components of the transmitted
signal Therefore the frequency components travel at different group velocities. This effect
causes pulse broadening and leads to-syterbol interference (ISI)n anintensity modulation

and direct detection (IM/DDgystemgchromatic dispersion causes a phase difference between
the modulated optical sidebands resulting in frequesstgctive power fading in the IM/DD
channel. The smallignal frequency responséthe IM/DD system (between the input of the

transmitter and the output of the PD) exhibits dips at certain frequencies depending on the fiber

9



length, dispersion parameter, and wavelength of the laser sbhecpresence of these dips in

the frequencyesponse of the IM/DD system leads to signal distortion. This issue is explained
in Chapter 4 in detailln addition, chromatic dispersion is a nonlinear impairment to the
intensityof the transmitted signal'herefore, it becomes a source of nonlinear distortion in a
system that uses direct detection at the receiver. In Chapter 4, the nonlinear distortion which
results from direct detectidiollowing dispersive transmission is quantified and analyzed in
detal .

Conventionally, chromatic dispersion can be mitigated optically using dispersion
compensating fiber or dispersion compensating modules with fiber Bragg gi&iinghese
solutions add loss to the signal path and are difficult to adapt to changiayketquirements.
Recently, by making use of the advancedigital signal processingDSP) capabilities,
electrical dispersion compensation has been employed at the transmittamyrensation) or
the receiver (postompensation) depending on the netkvscheme. An example of pest

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

2.2 Modulation Formats for Short-Reach Optical Networks

Due to their decreased complexity, lower cost and small form factor, IM/DD systertisea

most practical solution for sheréach systems. Traditional IM/DD optical interconnects
implemented withbinary intensity modulatiomnd DD receivers are no longer sufficient to
meet the increasiniit raterequirements. Alternatively, higbrder nodulation formats need

to be utilized in modern IM/DD shareach optical systems. In the following subsections, the
most common approaches in this regard are reviewed with examples of their applications,

especially those utilizing DSP capabilities to emteasystem outcome.
10



2.2.1 Carrierless Amplitude and Phase Modulation (CAP)

CAP is an IM/DD scheme in which two orthogonal passband filters are used to produce a
modulatedadio frequency (RF3ignal instead of using orthogonal RF carriers and mixers like
in QAM. The RF signal is then applied to an electrical to optical (E/O) convédirtes.
considered an attractive solution for sh@@ch networks because it represents a passband two
dimensional modulation with good performance using low cost opticaiponents. In
addition, CAP enables employing high order modulation formats which allows achieving
relatively high data rates while using limited bandwidth optical components.
Comparing with alternative schemes such as QAM and orthogonal frequency division
multiplexing (OFDM),CAP does not requiran VQ modulatoy high frequency RF sources
mixers.

Figure 21 shows a schematic diagram of a transmitter structure based on QARation.
The original bit stream is fed intoraappemwhich maps the bits into complex symbols with a
symbol periodY. Then, upsampling with a factor of M is applied by insertingIMzeros

between two consecutive symbols.

In-Phase shaping filter

- ﬂ

=
= Re]
o 1/Ts _%- M/T, 5
£ .| E y 2 ®—> DAC | EO |—>
& (4] (%] Quadrature shaping filter
= S
= g -

bit) j‘
F ﬂ

Figure 21. Schematic digram of transmitter structure for CAP modulation
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The symbols at the output of the-sgmpling block are then separated into thephase and
guadrature components and sent into the correspondpiguse and quadrature digital shaping
filters. The outpts of the filters are subtracted, and the generated digital signal is converted
into an analog signal using a digital to analog converter (DAC). The output of the DAC drives
an HO converter such as a DML or VCSEL. The generated signal before the DARecan
expressed as:

YO ©®0S8 Q0 wod Qo 2.9
where® 6 and® 0 are the iRphase and quadrature components of the transmitted bit stream
after coding and ugampling process, respectivél.0 and"Q 0 are the impulse responses

of thein-phase and quadratul@ital shaping filters, respectively. These two filters form-a so
called Hilbert pair, and denotes convolution, whiledenotesime which is discreted(
€"Y)withe= 0, 1, 2, &

The impul® responses of the two orthogonal filters are obtained by multiplyiotsa shape

function"Qo with sine and cosine functions respectivahd they are given by:

Qo "QODEF D 2.9

MO QOAT O™ (2.9)

"Qis called the center frequency, and it is larger than the largest frequency compdénent in

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

i Qtp 1 T BElp T oy

"o (2.10

Lo Jo

p U
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where"Yis the symbol duration, afdis the roltoff factor of the root raised cosine function,
which takes a value between 0 and 1. For 1, Nyquist pulse shaping is obtained.

It should be notedhiat the digital shaping filters and the DAC work at a higher rate than the
system symbol rate. The sampling rate of their operation should be higher than twice the
highestfrequencyin the signal spectrumvhich is given as:

p 1 (2.19)

where Qis the symbol rate]Q —.

Hence the wsampling process is necessary to match the rate diltdrs in order to avoid
aliasing products after trdigital to analogD/A) conversion.
At the receiver sidgdirect detection with a PD issedfor optical to electrical conversion

as depicted ifrigure 22.

In-Phase matched filter
/_\ *

Quadrature matched filter M/Ts

Myaay

1T 2T MITy

e
a—

ADC - PD €—

Demapping
Equalization

Down- Sampling

Figure 22. Schematic diagram of receiver structure for CAP demodulation

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

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

The outpus of the two filtersare combined and thelownsampled, equalized and decoded to

obtain the original bit sequence.
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Foran ideal channel response, the otgmf the two matched filtee given by:

i 0 (08 & o ©WOsE QO WOsE QO §d& o (2.12
i 0O 10S a o MO8 VO wOd QO &4 o (2.13

Hered 0 ™Q o0 andad O "Q 0 are the two impulse responses of the matched
filters, andois the time which is discret® ( £€Y) with € being an integefQ 6 and™Q o

areeven and odd functions respectively, then we can write

(7,13

g0 1085 a,0 GO5 Q0 03 Q.o (2.14

i 06 io0saco wo6s$ Q.0 wosS Q.0 (2.15

whereQ 0 Q085 Q0,Q 0 "M0S8 Q0,andQ 06 ™Q0S Qo,

and these joint impulse responses are illustrated in Figare 2.
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Figure 23. The impulse response of (a) shaping filt&® andQ o, (b)Q o,()Q o,
(d)Q 0. Reprinted with permission from [7] © The Optical Society.

We notice from equation2(14) that the useful first term which represents thehase
component is corrupted by the second term which includes the quadrature component, however
as shownn Figure 23, the maximum ofQ 0 coincides with the zero & 0 . Hencethe

useful inphasecomponent in equatior2(14 can be extracted without ISI if sampling is
performed exactly at the center of the symbol. The same conclusion can be obtained for the
quadrature component in equatio?.15. Nonetheless, this makes synchronization very
important in CAP demodulation in order to miniraizrosstalk between the-phase and

quadrature components.
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In order to mitigate crosstalk, an adaptive equaliatilized at the output of the matched
filters. The constant modulus algorithm (CMA) is oftenizeid in the equalizer. However, for
a higher order modulation system such as CARhLigh does not hava constant amplitude
for all symbols, the effectiveness of CMA decreases significantly and the cascaded multi
modulus algorithm (CMMA) is used instead.

Several interesting implementations of CAP for shedch networks have been reported.
In [8], a data rate of 40 Gb/s was generated in a total bandwidth of only 10 GHz using CAP16,
and a transmission experiment over 20 km SSMF showed superior perforimaGze® 16
when compared witbn-off keying (OOK) at 40 Gb/s. If7], a 10 Gb/s signal was generated
using CAP16 in a total bandwidth of 2.5 GHz, and a transmission expeoran20 km and
40 km SSMF was performed successfully. A CMMA adaptive equadiasremployed at the
receiver10 Gb/s CAP128 signal was demonstratd@jnand it used a DML operating at 1310
nm with a transmission experimemter 40 km SSMF. A hybrid equalization scheme was
employed, which consisted of a decisidinected least meaguare (DBLMS) algorithm with
a twostage preconvergence based on muitiodulus algorithm and modified CMA. It
emphasized the influence of relative intensity noise (RIN) and laser linewidth in the case of
higher order CAP.
In[10], CAP16 was used inveavelength division multiplexed passive optical netwdoM -
PON) setup to achieve a transmission of 10 Gb/s per axger40 km SSMF. Five CAP16
FDM channels were used with Mavelength division multiplexed\{DM) channels to
connectto 55 userswith a multilevel multitbandCAP signal. Also, optical singtsideband
(OSSB) modulation was appli¢ol mitigatethe frequencyselective power fading effefdr an

extended transmission distan@he experiment relied on a 30 GSa/s DAC tcegate theCAP
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signal, and wavelengtbelective switch (WSS) filtering to obtain the OSSEBnal For
adaptive equalization at the receiver, the CMMA was employed.

In [11], a modified DBLMS algorithm with a reduced complexity was used for the
equalizationof CAP64, showing a better performance than the CMMA. A transmission
experiment demonstrated enrfoee performance with a bit rate of 60 Gbiger20 km SSMF.
More recently, the gain in data rate resulting from increasingtineber ofsubcarries m
within the same bandwidth imulti-band CAP n -CAP) was studied iff12]. It was shown
that the data rate increases for higher values ahtil it reaches an asymptotic level that
depends on the receivesignatto-noise ratio NR). In addition, the system complexity
resulting from the use of digital filters was shown to be proportional to

In [13], CAP4 was tested im passive optical natork (PON) and compared witlpulse
amplitude modulationRAM4). A bit rate of 50 Gb/s was demonstrated for both cases, and a

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

2.2.2 Discrete Multi-Tone (DMT)

In optical communication§MT is an IM/DD scheme and a special type of OFDM which uses
the intensity domain to transmit data without using the phase domain of the opticgllggnal
For this reason, DMT is also known as dirdetected OFDM [1]Therefore, the system cost
and complexity are chiced for DMT when compared to OFDMke OFDM, DMT is a multt
carrier modulation formathere achannel is partitioned into many smbalndwidth channels
called subchannel®Vith their smaller bandwidths, the subchannels are more robust toward

ISI, which is the main feature of DMTDue to its high spectral efficiency and simple
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configuration, DMT is widely adopted in coppeased access systems such as asymmetric
digital subscribeline (ADSL) and the very highpeed DSL (VDSL).

Figure 24 depicts an optical DMT transmittéfor a DMT system with N subchannelsgt
inputbit stream isuffered and split into N streamsing a seriato-parallel (S/P) converter
The parallel streamare fed into a constellation mapping block which encodes blocks of data
into complex symbols with a period T. This mapping depends on the order of the modulation

for eachsubchanne(i.e. 16 QAM, 32-QAM).
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by
Y

Figure 24. Schematic diagram of transmittérusture for DMT

The data is themodulated onto orthogonal subcarriers usimgerse fast Fourier transform
(IFFT). A DMT symbol is thus formulatedh order to enhance resiliency to 18yiclic prefix
(CP) is added as in OFDWY inserting some tagndportion of a DMT symbol to its beginning

as shown in Figure 2.
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Figure 25. DMT symbols (a) before adding CP (b) after adding CP

Resiliencyof DMT to ISI is a combined result of both using CP aadlleltransmission.
Subchannealoperate at lower symbol rates than the total symbol rate of the system, therefore
the symbol perio@df a subchanndias a longer duratiomhich makes imoreresilient to ISI.

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

of the CP is chosen such that it will be longer than the length of the channel re$penstare,

no interference from the previous DMT symbol is smeared into the currently received symboal,
and esiliency to ISI is enhanceldowever, the bnefit of CP comeat the expense of additional
redundancy.

The increased resiliency to ISI makes DMT perform better toward bandwidth limitations in an
IM/DD channel. Bandwidth limitations of components in the frequency domain can be
regarded addispersion in the time domain, which means broadening a pulse during
transmission, which may cause ISI.

After adding CP,he resulting digital data stream is converted to an analog signal using,a DAC
and finally the electrial signal at the output of tHBAC is modulated on an optical carrier.

At the receiver sidegirect detection with a PD is useahd the detected analog signal is

then converted into a digital signal using an ADC as showiigiare 26.
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Figure 26. Schematic diagram oéceiver structure for DMT

The CP is removedindthe complex symbols of the subchannels are restasilga fast
Fourier transform(FFT) block Next, the signal isequalized anddemapped from the
constellation and converted from parallel to seriiigisparalletto-serial (P/S) convertao
finally obtain the original bit sequence.

An important feature of DMT is the possibility to optimize bit loading for the different
subcarriers. At system startup, a probing signal is transmitted, by which tisenisaion
characteristic for each subcarrier is obtained, and the bit loading is decided for each subcarrier
accordingly. A higher order modulation format is assigned to the "good quality" subcarrier,
while a lower order modulation format is assigned'tbaal quality" subcarrier. This approach
allows maximizing the transportable capacity of a DMT system, hence improving the
corresponding spectral efficiency.

A known disadvantage of DMT is the relatively high peak to average power ratio (PAPR),
because th®MT signal is a sum of large number of subcarriers which are independently
modulated, and these subcarriers may add up constructively leading to high amplitude values

in the transmitted signal. Whé&hsubcarriers add up in phase, they may produce instmia

peak amplitude values which aih times the average. The high PAPR adds additional
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constraints on different system components such as the RF amplifiers and the DAC, which
must operate over a wider range of amplitudes.

For its several features, DMT agived much interesn shortreach applications (i.e.
compared to CAP)Examples of research aboDMT include the work in[14]. Using a
commerciadistributedfeedback DFB) laser operating at 1550nm, 52.8 Gb/s was transmitted
over20 km SSMF and 44.5 Gb/s was transmitteer40 km SSMF withou€D compensation
or optical amplification. The DMT signal contained 1024 subcarriers, with 16 samples for CP,
and optimized bit loading for the different subcarriers. The maximum numbetsopdxi
subcarrier was 6 corresponding te®AM. The results of 40 km transmission showed that the
system performance was limited mainly ©.

In[15], 100 Gb/s transmission was demonstraiettansmitting 2WDM 50 Gb/s signabver

80 km SSMF. This DMexperiment combined 1024 subcarriers with 16 samples for CP, and
optimized bit loading for the different subcarriers. Each subcarrier had a 16.5 MHz bandwidth
and the transmission distance was extend@&® ttm by a combination of using the 130

band ad optical amplification.

In [16], 118 Gb/s single wavelength transmission over a 10 km SSMF was reported using DMT
with optimized bit loading for the different subcarriers and employing 10 Gb/s transmitter and
receiver. The system was enhanced by tramsmside DSP algorithms for mitigating the
nonlinearity of the laser.

More recently, 200 Gb/s transmission was achiemest 1.6 km SSMH17]. A comparison

was made between the two cases of usin@@M f or al | subcarriers
and power lading algorithm to optimize the modulation of the subcar{le8% The net data

rate was improved by 37% in the latter case. In addition-tiameain nonlinear equalization
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was utilized at the receiver to mitigate the nonlinegitesulting fronthe eletro-absorption
modulated lasefEML), squardaw detection, and clipping.

Another recent application of DMT in shadach networks was proposed [9]. 256
subcarriers were used at the transmitter with 80 GHz of bandwidth occupancy. A probe signal
was @gnerated by modulating all subcarriers wgtiadrature phase shift keyif@PSK and

the received SNR was used to calculate the bit and power loading of the subcarriers. A net data
rate of 333 Gb/s was achieved in a transmissi@r20 km SSMF. Dispersiocompensating

fiber was used to avoid spectral fading which results from the direct detection after dispersive
transmission. The experiment was enabled by the-baahel modulation capability of the

transmitter based on an-8Hz MZM and a 100 GHz DAC.

2.2.3 Subcarrier Modulation (SCM)

In subcarrier modulation, the data to be transmitted is modulatusoor mordrF subcarries
using an arbitrary modulation format (i.e-@AM) which becomes an RF passband signal.
The passband signal is then modulated on an optical carrier using an intensity modalator
DML. The SCM transeiver may use analog components or it can be a -Bxgied
transceiverFigure 27 shows a typical scheme of a D8Rabled SCM transmitterhe original

bit stream isnappednto complex symbols with a symbol periddusing a mapper
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Figure 27. Schematic diagram of transmitter structure for SCM

The symbols are then separated into thephinse and quadrature components before entering

a pair of pulse shaping filters. The outputs of the filters are upconverted to a subcarrier
frequency'QQ subtracted, and converted into an analog signal udd®G The output of the

DAC drives arE/O converter such as a DMNVCSEL, EML, or MZM.

When using analog components, a mixer and a local oscillator that work at the required RF
subcarrier frequency are employed to generate the RF passband signal. #étignnéte
modulated passband signal at the required RF subcarrier frequency can be generated using

DSP.

At the receiver sidalirect detection with a PD jgerformedand the detected analog signal
is digitized using an ADC. The output of the ADC is down converted to baseband by
multiplying the signal withA T © " andO EJ* "% followed by matched filteringThe
output of the two filters is equalized and deeth¢b obtain the original bit sequence as depicted

in Figure 28.
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Figure 28. Schematic diagram of receiver structure for SCM

The most significant advantage of SCM is that higbveler modulation formats can be
applied easilywhile using the relatively simple IM/DD scheme for modulating and
demodulating the optical signal. In a system with components of limited bandwidths, this helps
to increase the bit rate without increasing the symbol rate. However, fuigteermodulation
formats require higher received SNRs for the same performance, which is the cost of increasing
the order of modulation.

SCM can be implemented using a single subcarrier or using multiple FDM subcarriers
before modulating an optical carrier. In the lattase, the channel is partitioned into several
subchannels which makes the system more robust to ISI, however with an increased
complexity. FDM shares this advantage with DMT however with a smaller number of
subchannels in the case of FD&hd thus with aolwer tolerance to ISl relative to DMT
With FDM, ultra-dense subchannels can be transmitted simultaneously whileausingle
laser sourceAlso, an increasefilequency selectivitis obtained at the receiver by making us

of the known sharpness eledrical or digital filters. In addition, the low phase noise of RF
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oscillators makes coherent detection easier to implement in the RF domain when compared to
optical coherent detectid@0].

The combination of using multilevel signaling asdbcarrier multiplexing reduces the
impact of chromatic dispersion on the individual channels. To optimize the system
performance, tradeoffs should be made between levels of modulation, data rate per channel,
channel spacing and optical power. In thesdeodfs, several factors should be taken into
consideration, such as the bandwidth of the E/O converter, the DSP capabilities at both the
transmitter and receiver, the targeted transmission distance and data rate requirements.

It is worth noting that subcaer multiplexing can be combined with WDM to provide a more
flexible platform for high optical bandwidth efficiency and high dispersion tolerance.

There has been a growing interest in using D8&d SCM for shoreach optical
networks. In[21], a digitdly generated RF signal with a subcarrier frequency that equals the
symbol rate was used to modulate ®WZM. Using singlecycle SCM with a subcarrier
frequency of 2.5 GHz and a symbol rat€.5 Gbaud, several modulation formats were tested
such as QPSKt& Gb/s, and 1SK and 18)AM at 10 Gb/s data rate.

In [22], 14 Gbaud singleycle SCM signal was modulated onto an RF subcarrier with a
frequency of 14 GHz using QPSK modulation format for 28 Gb/s @AW for 56 Gb/s, and

then the RF signal was apmlito a zerechirp MZM. In [23], using Nyquist pulse shaping, a
half-cycle 16QAM signalwasgenerated using SCM with a subcarrier frequency that equals
half the symbol rate. With this concept14 Gbaud signal was generated at 7 GHz subcarrier
frequencyand was used to directly modulate a passive feedback laser at a bit rate of 56 Gb/s.
In [24], a DSPenabled direct detection receiver was used to demodulate-eybfSCM

signal which was generated by directly modulating a passive feedback laseSHeadbled
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receiver employed an electroni® compensation algorithm to improve the performance of
the link in the two cases of 56 Gb/s single polarization transmission and 112 Gb/s dual
polarization transmission. 3 dB and 5 dB improvements in receivathbpower relative to

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

In [25], subcarrier multiplexing of downlink and uplink channels was used in combination with
SCM in symmetric 10 GB/bidirectional transmission over a 20 km fiber. By locating the
downlink and uplink channels on different RF bands, this combination served the purpose of
mitigating the effects of reflections and Rayleigh backscattering while using advanced
modulated fomats (16QAM for downlink and QPSK for uplink) in an IM/DD scheme. DSP
was used at the transmitters of both downlink and uplink to compensate for the bandwidth
limitation of an EML and a directly modulated reflective semiconductor optical amplifier
(RSOA),respectively.

In [26], SCM was utilized in an FDM system based on the direct modulation of a VCSEL with
a bandwidth of ~5 GHz, and a comparison was made with DMT. For the case ofibMal

bit loading of 10 subcarriers was utilized to addrespthblem offrequencyselective power
fading in the IM/DD channeby tailoring the modulation format cardinalities of the FDM
channels to thiM frequency response of tisgstem. For this purpose, lower level modulation
formats such abinary phase shift keyinBPSK) and QPSK were usédd the channels most
affected by the power fadingnd 16QAM was used for other channels. For the case of DMT,
Chowbs ©bit ang dlgorjihanj4& was usedatd maximize the total transported
capacity for 256 subcarriers. It was found that an achieved capacity of 25 Gb/s with the SCM

based FDM is comparable to the case of using DMT for distances of few tens of kilometers.
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Another recatly proposed application of SClelased FDM in shonteach networks employed
signatto-noiseanddistortion (SINAD) ratiosat the receiveto calculate the required power
loading of 16 channels in a DML/DD systg¢&¥]. This will be explained in detail i@hapter
4. In addition,Chapter5 will introduce an application of SCM ia singlesideband(SSB

system based on a DML and KK receiver.

2.2.4 Pulse Amplitude Modulation
In optical PAM, the intensity of an optical carrier is modulated with an elecivieaty
baseband signal to produce a multilevel RPAMbptical signal. In PAMM, blocks ofl 1 (@®1)
bits are encoded such that ondvbintensity levels is transmitted for eyesymbol.
Figure 29 depicts a PAM transmitteFhe original bit stream is mapped into symbols using
a mapper. Pulse shaping is applied followed by conversion into an analog signal using a DAC.

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

—|_|—|_|_ Shaping filter
—>

S

Y

DAC E/O —»

Y

Mapping
Y

Figure 29. Schematic diagram of transmitter structure for PAM

At the receiver sidglirect detection with a PD is performed and the detected analog signal
is digitized using an ADC. The output of the ADC is equalized @gexbded to obtain the

original bit sequence as depicted in Figurk?2.
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Figure 210. Schematic diagram of receiver structure for PAM

When compared tOOK, PAM-M for (M > 2) allows aigherbit rate for the samgymbolrate

by usingmoresignallevels. This helps in relaxing the bandwidth requirements of devices at
the expense of receiver sensitivity, as the latieneasesapidly when increasing the number
of signal levels).

Compared to other multilevel modulation formats, PAM has the aagarof the lowest
implementation complexity; however, the reduced receiver sensitivity is a big disadvantage as
it limits the transmission distance fogavenbit rate and bandwidth.

Examples of research about applying PAM in sheaich optical networkaclude the work in

[28]. Electronic precompensation was used to mitigate the nonlinear modulation dynamics
when driving a DML with PAM4. The required drive current was calculated by reversing the
large signal rate equations such that a specific targptit power profile can be produced. 10
Gb/s PAM4 signal was generated within 5 GHz of bandwidth, and the distortions resulting
from nonlinear modulation dynamics were suppressed significantly using DSP which led to
improved quality of the optical signat the output of the DML.

In [29], 100 Gb/s transmission was achieved using Nysghiaped PAM4 and PAMG6 signals
generated with an MZM. In addition to generating Nyquist shaping, DSP was used at the

transmitter to compensate for the nonlinearity of MM in addition to linear channgire-
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compensationA transmission experimemtver 2 km SSMF was performed, and a power
budget of 13 dB was demonstrated.

In [30], an experiment was performed to analyze the performance ofd#vierated PAMM

for M = 4, 8and 16 with different bit rates ranging from 50 to 130 Gb/s. Transmission over 2
km of singlemode fibeSMF) was evaluated and DSP was used at the redeiverplement
15-tap feedforward equalization (FFE).

More recently, 100 Gbaud PAMAas enabled bysing112 GSa/s AD(31], and200 Gb/s
transmissionvas tested over fiber lengths up to 40 km aidedigyersion compensating fibers
(DCF9. Linear and nonlinear equalization were employed to push the performance under
differentFEC thresholds. The corngtione of the experiment was the integrated circuits at the

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

Laser Model

Obtaining useful simulation results for a DML/DD system requires that botlaghe model

and parameter values be sufficiently accurate. Assuming operation of a semiconductor laser in
a single longitudinal mode above threshadd assuming uniform densitidengitudinally

and laterally)of photons and carriers within the activgion of the laserthe modulation
dynamics are described by large signal rate equations that relafathadly invariant photon

density"Yo and carrier density 0 to the driving curreniOd as follows[32]:

Q00 OO U o 96 o o YO (3.2
Q0 Ao f p - "%
Q"™ 3 00 YO 066 B YO
Qo T T 3RV VT (3.9
B o o s p
; ™ Q — .
00 | 3Q0 0 U ¥ (3.3

wherefs 0 is the optical phasé, is the electron chargeyis the volume of the active layer,
T is theelectron lifetimewhich accounts for electron recombination mechanisms that do not
contribute to the stimulated emissjdn is the photon lifetimevhich depends on the cavity
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loss,0 is the carrier densjtat transparencjor which the net gain is zere is the gain
compression factdgain saturation coefficient} is the mode confinement factwhich refers
to thefraction of the optical field within the active lay€ef is the gain slope constant, is
the spontaneous emission faomdrich refers to the fraction of spontaneous emission coupled
into the lasing modeand| is the linewidth enhancement factamhich quantifies the
amplitudephase coupling in the laséfhe gain slope constant is given®y ' @ where
' is the group velocity an@ is the active layer gain coefficient.
(3.1)(3.3) are deterministic equations, as the contributions abph#ensity noise and phase
noise are neglected. In additidine laser is assumed to be operating at a fixed temperature, and
the linewidth enhancement factor and the gain compression factor are taken to be constant.
The factorp - ™9 in the equationssi a scaling factor that describes an equivalent gain
saturatior{71].

The optical poweb o at the output of the laser is related to the photon deiityas
follows:
5 6 YO - (3.9

¢3t

where— is the differential quanturefficiency (a measure of the efficiency with which the
output power increases with the injection curreifdis Planck's constant, andis the
unmodulated optical frequenclhe frequency chirp at the output of the laser is given by:

. . pxw O (3.9
¥ o CT D

A direct relation between the optical power and chirp can be extracted 3td)x(3.3) and

expressed gd83]:
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whereQis the adiabatic chirp parametand is given by34:

o SR 3.7
G
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The first and second terms &.©) indicate the adiabatic and transient chirp, respectively.

For the work presented in this thesigparth-fifth order RungeKutta algorithm was used
in Matlab to numerically integrate the coupled first order differerdit® equations3(1)-(3.3).
The parameters dhe NEL NLK5C5EBKA 10 Gb/s packaged DFB laser used in this work
were extracted through@mprehensivgrocedureas detailed belowThis include finding
theintrinsic parametersf the laseusing a set of steaestate and smabBignal measurements,
and accounting for the packaging by adopting a detailed circuit model for the electrical
interface. The circuit elements were found by doditlimg using the measured scattering
parametersY and"Y of the packaged lasérhe values of these circuit elements are referred
to as theextrinsic parameters. On the other hand, the term (intrinsic parameters) refers to the

rate equation parameters.
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3.1 Procedure to Extract LaserParameters

The intrinsic and extrinsic laser parameters were extracted using a set of measurements
performed orthe packaged laser
3.1.1 DC Measurements

The continuousvave(CW)wavelength of the laser emissivas measured using Advantest

Q8384optical spectrum analyzé©SA), and it was found to b 1543.76 nm for a bias

current of 20 mA and a temperature of 20 Then, theoutput optical powed was measured

for different values ofhe bias currernO. These two variables are related[B§]:

[0 'O Or 0 00 W (3.8

wheref —,0 ——,0 'O "QandO isthe threshold current

The formula fortheL-I curve isthe positive solution of3.8) which is given by

v o .. 0O O ‘© O 100
DA"|l ompnrll G g (3.9

Using the NonlineateastSquares method and the TriEstgion algorithm, e measured
values ofd and"O were numerically fittedo (3.9) as shown in Figure 3.1, atide valuesof
‘0" Qand were foundThen "O and — were calculateds listed in Table 3.The value of

[ was assumed to be constéortdifferent bias currents.
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Figure 3.1. Measured and fitted results for the dependence laktreptical

power on the bias current.

Table 3.1. Extracted parameter values for the laser usinglticare

Parameter Symbol | Value
Thresholdcurrent 0 9.13i !
Differential quantum efficiency | — 0.22
Spontaneous emission term | 'O 0.3821!
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3.1.2 IM Frequency Response Measurements

The smallsignal IM frequency response of the laser is give[Bay:.

R & (3.10
V1 W sa—a =7

where) is the angular frequency of the modulating current,&aadddare functions of the

bias currentO as follows[36]:

0
s 20 o @13
N w
O W wi (3.12
o .
o L Ot =
t "Q (313

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

response of the las@rhe VNA was calibrated using the Agilent N4433A electronic calibration

modulebased on a-port SOLT technique (Short, Open, Load, Throudtfjer calibration
the smalsignal IM frequency response of the laser was measuretPfealues of the bias
current above thresholietween 14 and 38 midr the case of a badk-back (B2B) system.

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

current (14, 20, 30 and 38 mAYote that an attenuation dip in the frequency response appears

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

~16GHz.

35



-
o

&)

o

1
(&)}

Normalized IM response (dB W/A)

_20 | | | | | 1 | | |
0 2 4 6 8 10 12 14 16 18 20

Frequency (GHz)

Figure 32. Measuredmaltsignal IM frequency response of the packaged
laser for bias currents of 14, 20, 30 and 38 mA.

In order to exclude the effeof the lasempackaging the subtraction method for the IM
frequency response was used to find the valuésanfd( correponding to the chosen bias
currents[32]. For this purpose, the IM frequency responsé@sr 14 mA waschosen as a
reference andubtracted in dB fronthe IM frequency responses corresponding to the other

values of 0. The resuk of subtractios werefitted to the following formuld32]:

where® X are the values abanddfor “O= 14 mA, andd R are the values abandddfor
each ofthe othewalues ofObetweeril6 and38 mA.Figure 3.3 shows thi&tingsandresuls
of measuredM frequency response subtraction for several selected values of the bias current

(16, 20and 38 mA).
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Figure 3.3. Measured and fitted results when the IM frequency response for a
bias currentf 14 mA is subtracted from the IM frequency response s for
bias currents of 16, 20 and 38 mA.

The obtained valuesf ®and®were numerically fited to (3.13 usinglinear fitting as
shown in Figure 3.4andbotht andthe universal factob were found as listed in Table 3.2,

whereu is given by[36]:

(3.19
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Figure 3.4. Measured and fitted resultsdor "Q@ using g.13.

The resonance frequencies corresponding to the bias currents were deternfi@@dd by

P p. (3.19

and numerically fitted by the following approximatif86] as shown in Figure 31 find the

quantity— which is listed in Table 3:2

3Q
0 cﬂ X0 0 (3.17
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Figure 3.5. Measured and fitted results™or "Q0O using @.17).

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

Parameter Symbol | Value
Electron lifetime T 0.20ns
Universal factor 0 0.23 8
30 5.299x 10*s?
W

The smallsignal IM frequency response of a fiber in an IM/DD systdapends on the
modulator chirp angs given by[37]:
07 1 AlG | OEF Q0T (318
wherg is the angular frequency for which the adiabatic and transient chirp of the laser have

the same magnitude, and is related to the output optical goway:
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1 10 (3.19
—is given by:

007 (3.20

whered is the length of fiberQis the fiber dispersion coefficient, is the wavelength of the
laser corresponding to the applied bias currentgaadhe speed of light in vacuum.

For the purpose of measuring the chirp parameters of the laaad|( ), and using the
Agilent N4373A VNA, the IM frequencyresponse of the lasand fiberwas measured for a

bias current of 30 mAor atransmissiordistance of76.2 km SSMFas shown in Figure 3.6
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Figure 3.6. Measured smalignal IM frequency resmse of the laser for a

bias current of 30 mA and 76.2 km SSMF.
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Then, the IM frequency response in B2B was subtracted in dB from the IM frequency response
for 76.2 km SSMF. As the effect of the laser and receiver is removed by the subtraetion, t
result represents tH#& frequency response of the fibenly. ThelM frequency response of

the fiberwas numerically fitted by3.18 using the DownhiiSimplex algorithn{38] as shown

in Figure 3.7 This method of fitting was chosen for ieffectiveressand rapidness as

demonstrated if38].

1 0 T I T
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0 2 4 6 8 10 12 14 16 18 20
Frequency (GHz)

Figure 37. Measured and fitteliM frequency response of the filder 76.2 km SSMF and a

bias current of 30 mA.

As a resultof the fitting| andO were found as listed in Table 3.8 additionto "Q With
"Q = 1.19 GHz andconsidering themeasuredutput power of the DML at 30 mA being

2.7 dBm, andising(3.19), the value ofll was calculated as listed Trable 3.3 Note that the
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wavelength of the laser was measured for a bias current of 30 mA usidviretest Q8384

OSA, and it was found to equal 1543.86 rinis value was usefor the fittingin (3.20).

Table 3.3. Extracted parameter values for the laser tsnfyjequency rponse of the fiber

Parameter Symbol | Value

Adiabatic chirp parameter I 4.01x 102 Hzw?
Linewidth enhancement factor || 2.75

Dispersion coefficient (0] 16.18ps/km/nm

3 andware considered dummy parame{@6], therefore suitablealueswereassumed for

themas listed in Table 3.A'hese assumed values were adopted fh@mesults ofparameters

extractionof a similar packagedbser[39]. Then, he value of "Q was calculated from—,

- was calculated using3.7), T was calculated using (3.15), was calculated using

O

[35], and U was calculated using the following equati¢®6] as listed in

Table 3.4

O

r‘]_(b 5 p (3.21
T 3"Qt

Table 3.4. Calculated parameters of the laser

Parameter Symbol | Value
Modeconfinement factor 3 0.36

Volume of the active layer ) 3.81x 10 cm?
Gain slope constant Q 5.60x 10° cm?/s
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Gain compression faato - 6.06x 108 cm?

Photon lifetime T 4.75ps
Spontaneous emission factor| f 1.22x 104
Carrier density at transparend 0 2.00x 10 cm®

To verify the values of the extracted parameters, they were used in (3.11) and (3.12) to calculate
for the 12 values of the bias current. The calculated valudslodw a very good agreement

with the measured values as illustrated in Figure Bt8s confirms the robustness of the
extraction procedurdespite the made assumptions

21
fo 28 : . :

O Measured ¢
9 | —Calculated o

Z(s?)
(e)]

2 | | | |
15 20 25 30 35 40

Bias current (mA)

Figure 3.8. Measured and calculated valueda$ a function of the bias current.
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3.1.3 Extrinsic Transfer Function

For more accurate modelingf the laser, the effeadf the interface musbe taken into
considerationTypically, alaser diode chip l&one contact on top and another at the bottom
side. The chip isnounted on a submount with two coplanar electro@iee bottom side of the

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

to the other electradas illustrated in Figure B[40].

Bonding wire

Laser diode chip /
Coplanar \

electrodes

Submount

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

For theNEL NLK5C5EBKA laser used in this workhe packagealsoincludesa matching
resistorthat must be included in the model. Accordingly,eapivalent smaHsignal circuit
model of the extrinsic netwofkr the abovehreshold biasing conditiomas adopted as shown
in Figure 3.1041].

Thecircuit modelincludes a matching resistdt and its capacitanag , a capacitod from
the coplanar electrodesnd aseries inductob representing théonding wire 6 and'Y

associate with the parasitics of the laser diode chip. In additiercapacitance of the space
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charge of the heterojunction is representeddby, and the dynamic resistance of the

heterojunction is represented By .

‘O isthe currentinjected into the active lay&D, is the current of the modulation source, and

'Y is the internal resistance of the modulation source and is thypicain

R L, R, lout

() Is § Rin = Gk - ¢ — —_— Cs § Rec

Figure 310. Smaltsignal model of the extrinsic network.

The smallsignal current transfer function of the extrinsic networtaisulated by network

analysis as
0
'01 v, o L/ v ~,~pu n, 7, 173 I3 (322)
(0] 0 Qo6 p Q6O p Q6 O
where 0O p QYO
6 o0Y Y
(3.23
nO ’i‘Q.li‘) 6
0 Q66
5y O
v o Qb 0

The total normalized smadiignal frequency response of the packaged laser is given by:
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01 01 (3.29

wherel 1 is the smalisignal frequency response of the intrinsic laser giverst,
The input impedance of the extrinsic netwdrk] is found as a function of the network

elements:

0 (3.25
p Qb

and the scattering paramef¥r 1 is given by:

W Y 2
v 1 ® 1 Y (3.29

Using a VNA, the scattering parametérs and™Y of the packaged laser were measured
for a given bias current above threshold. Then, the ssigalal response of the intrinsic laser
071 was calculated using the previously extracted parameter values for the same bias current,
and its magnitude (in dB) as subtracted from the magnitude (in dB) of the normalized
measuredY response. The result of this subtraction represents the measuregignell
transfer function of the extrinsic network, which can be modele8.B@(after normalization.

Constraied nonlinearminimization function fmincon was usedin MATLAB with
reasonable values for the initial estimates to find the values of the extrinsic network elements
which simultaneously yield the best fits of the calculated and measured responses for
Y 1 andO] by minimizing the total sum of squared errors (SSH) measured and

fitted plots forY 7 andO] are shown in Figuse 3.11 and 3.12, respectivelyhe

deviation between the measured and fitted remudtought to belueto parasitic effects of the
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assembly conditions such #ke transition between the coaxial connector and coplanar

electrodes and the placing of the submount on a thetemtric cooler.
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'10 [ I’ il

(S,,)l (dB)

-35 1 &
_40 | L | | | L | | |

0 2 4 6 8 10 12 14 16 18 20

Frequency (GHz)
Figure 3.11. Measured and fitted resultsgdr 1 S
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Figure 3.12. Masured and fitted results fgD7 s
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The results of the optimization process are summarized in Table 3.5. It is worth noting that the
choice of reasonable values of the initial estimates in the fitting process is crucial to obtain

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

Table 3.5. Values of the extrinsic network elements

Circuit element | Value
Y 50m
Y 46m
Y 7.1m
Y 3.9m

0 0.08pF
0 0.33pF
0 0.13pF
0 0.22pF
0 0.09nH

Finally, the extracted intrinsic laser parameters and electrical network elements were used
to calculate the total smadignal IM frequency response of the lase4) for threevalues of
the bias currerds shown in Figure 331 Theagreement between the calculated and measured

results illustrates the appropriateness of the extraction procedure.
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Figure 313. Measured and calculated srrsithnal IM frequency response of

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

Power Loading of a DML in an FDM System

In order to achieve high capacity with DML/DD systems, spectrally efficient tiewii
modulation formats are required. They can be implemented using (i) a baseband modulating
signal for PAM[42] , (ii) a singlechannel RF modulating signal for half cycle SC23], or

(iii) a multi-channel RF modulating signal for OFDM modulatjé8], DMT modulation44],

and FDM modulation[26]. Unlike baseband and singthannel systems, multhannel
systemsdverage the adaptability to channel characteristics such as bandwidth limitations and
nonlinear device responses by assigning suitable modulation formats and bandwidths to
different channels. This allows the capacity and/or reach to be maximized. Rdabhilhas

gained considerable interest for shiarach applicationgl5]. However, the added complexity

of using FFT at both the transmitter and receiver, in addition to the poor power efficiency due
to a high PAPR are the main drawbacks. As for DMT, FDibumilse shaping and mdiivel
modulation to increase the spectral efficiency. However, the RF channels of the FDM signal
have noroverlapping spectra. After photodetection of the FDM signal, each channel is filtered
and demodulated. Typically, a smallermber of channels is used for FDM relative to DMT.

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

256 channels have been compd4].
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In an FDM DML/DD system, the main impairments are the modulation dynamit of t
DML, optical fiber attenuation, dispersionduced nonlinear distortion, and thermal noise of
the receiver. Nonlinear distortion is generated within the frequency band of the channels due
to direct detection of a dispersed sigj#]. It becomes moreesere for longer transmission
distances due to the increased amount of dispersion. In addition, chromatic dispersion causes
a phase difference between the modulated optical sidebands resulting in power fading at certain
signal frequencieafter DD. The smi-signal frequency response of tBML/DD system
(between the input of the DML and the output of the BE}ibits dips at these frequencies.
Channels located at the dips have low SNRs. Recently, manual bit |tiz@linges assessment
of system performarcfor the different modulation format&s utilized to address the power
fading problem by tailoring the modulation format cardinalities of the FDM channels to the
DML/DD system frequency respon§26]. As a result of system performance assessment
lower level modulation formats such as BPSK and QPSK were used in the location of the dips
in the system frequency response, whileQ®M was used for other channels. Another
approach is to utilize power loading to equalize the received SINAD fdfidpef the DM
channels while using the same bit loading for all channels. For this purpose, received SINAD
ratios of the FDM channels need to be calculated, which requires a means to isolate and
quantify the signal power, noise power, and power of nonlinear distdhiad falls within the
bandwidth of each channel. This can be achieved using-totveaes{48].

In thischapter simulation's usedo demonstrate that optimized modulation conditions and
power loadingare adequate to maximize and equalizepgrdormance of a 6hannel FDM
DML/DD system. The optimized modulation conditions gogver loadingare found based on

a twotone test to evaluate received SINAD ratios for the FDM channels. The regualiieg
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loading represents a generic result thatoa# the channels to operate with an arbitrary
modulation format (unified bit loading) despite the frequeselective power fading. The
requiredpower loadings calculated using powesstimatiorof the received tones and thermal
noise, which avoids perforing exhaustive system performance measurements for each
modulation format. Therefore, this approach enhances the practicality of the DML/DD system
and allows the operation of all channels at the same bit rate, which can be especially desirable
in multi-user applications. Using this methatie 10 Gb/s laseconsidered in Chapteri8
directly modulated with 16 FDM channels for the transmission of 60.8 Gb/s over 30 km of
SSMF. Thechapteris organized as follows: Sectidrl presents the simulation systevhile
Section4.2 describes the use of the received SINAD ratios of the FDM channels to optimize
the modulation conditions of the DMBection4.3 presents an iterative procedure to find the
power loadingprofile based on the received SINAD ratios of Bi@M channelsThen,the

system performance is assessed using the calcplateat loadindgor a transmission distance

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

investigated.

4.1 System model

The system setup shown ikigure 4.1 was cesimulated using Matlab and VPI
TransmissionMaker 10.0. Matlab was used for numerical solutions of the laser rate equations

and adaptive equalization at the receiver.
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Figure4.l Block diagram othe system setup.

The modulating signal at the input of the DML was composed of 16 RF channels with
subcarriers equally separated by 1 GHz. For each chammpseudagandom bit sequence
(PRBS) was generated using a random seed that is different fromcbdmanelsThen, a
modulatedRF signal was generateavith an assigned subcarrier frequency. Each channel
operated at a symbol rate of 0.95 Gbaud and used-aaiseticosine pulse shapg with roll-
off factor of 0.05. Therefore, each channel occupied a bandwidth of 997.5 MHz. The 16 RF
signalswere summed and used the input to a-Bit DAC with a sampling rate of 34.2 GSa/s.
This is equivalent t@.25 samples/symbatonsidering the total symbol rate of 15.2 Ghaud
Considering the total signal bandwidth of 16 Gttiz, minimum possible sampling ragquals
32 GSa/swhich is equivalent to 2.10 samples/symidie maximum amplitude of the output
from the DAC was normalized to a vali@ and offset with a bias currei@ The resulting
current was used to drive the DML.

The modulated optical signal generated by BiL was transmitted over SSMF with a
dispersion parametdd = 17 ps/km/nm(fiber nonlinearities were neglected). The received
optical signal was detected with an ideal photodi{gdearelaw detectiol The thermal noise

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

0 T ™ M U For a load resistanc&  pm), the noise powetin dBm) within a

bandwidth ¥"Qcan be calculated as:
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5 ot 0 8Y&Q (4.1)
Therefore, assuming the load resistancerg the average noise power for each channel is
-87.% dBm.

The output current of the photodiode was digitized usindpia ADC with a sampling rate
of 34.2 GSa/s and applied to an array of RF digital receivers which used the same subcarrier
frequencies as the RF transmitters with matched-naisedcosine filtes. For each RF

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

4.2 Optimizing the modulation conditions of the DML

In DML/DD systems, the received optical signal is desamverted to the electrical domain by
mixing the optical sidebands with the optical carrier. After propagating through a fiber of length

L, the phases of the frequency components of the upper andsidekands change differently

due to chromatic dispersipf9]. This leads to constructive or destructive interference between
the upper and lower sidebands depending on frequency. The resulting frequency response of
the optical fiber depends on the modatachirp and igjiven by (3.18).

The frequency response of the optical fiber exhibits attenuation dips that occur at certain
frequencies depending on the fiber length, dispersion parameter, and wavelength of the laser
emission. For a transmission distan¢80 km and using the extracted laser paramététs
and_ ) in (3.18), the frequency respon¥® y 1 is plotted for different bias currents in
Figure 42. The dips in the frequency response adversely affect the system performance by

limiting the transmission distance for a given signal bandwidth. The depth of the first dip,
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which appears around 5 GHz, is smaller by more than 9 dB when compared to tiseoflepth
the dips at higher frequencies. This gives a special importance to the location of the second dip
in the frequency response.
By considering a signal that occupies a bandwadthup to the frequency of the second
dip, the maximum transmission distenzan be determined §0]:
W

0 6n (4.2)

On the other hand, it can be seen in the measured B2B frequency response in Figure 3.4 that
the 10 Gb/s DML has a bandwidth limitation of around 16.5 GHz resulting from the packaging.
Therefore, the signal bandwidth was chosen to be 16 GHz, and frgintl{d. maximum
transmission distance is ~30 km. For this transmission distance, the second dip in the fiber
response is located around 16.5 GHz (the same frequency as the decreasmaitgignal

IM frequency response (Fig. 3.4)).
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Figure 42. Calculated frequency response for 30 km SSMF for different bias

currents.

Clearly, larger bias currents result in smaller dips in the frequency response of the optical fiber,
as can beinderstood by studyin@(18. The first and second terms depend on the transient
and adiabatic chirp, respectively. For larger bias curréniscreases, and sdjis , therefore,

the adiabatic chirp is enhanced relative to the transient chirp and the dips are w¢abkened

In addition, the adiabatic chirp causes the smaller depth of the first dip relative to the other dips
in the frequency response. The dependence of the adiebafi®on the bias current is critical

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

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

and the resultingréquency response, the first and second terms.d8)(are plotted in
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Figure 43 for bias currents of 40 mA and 100 mA and a transmission distance of 30 km. The

total frequency response is also shown.
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Figure 43. Calculated frequency response for 30 km SSMF using the first, the second or both t& 48 fwr(a

bias current of a) 40 mA and b) 100 mA.
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The first term in 8.18 is independent of the bias current. On the other handettung
term due to the adiabatic chirp is dependent on the bias current through the paranigdter
frequency response of the second term is largéOferl00 mA compared t®©= 40 mA As
a result, the depth of the dips in the total frequenqgyarse of the optical fiber decreases for
higher bias currenf®0Q].

The modulation currenfO also has an important role in determining the system
performance. A larger modulation current enhances the power of the signal relative to the
thermal noise fthe receiver, however this also increases the nonlinear distortion in the system.
Optimization of the modulation conditions of the DML is performed by finding the values of
‘Oand’O that maximize the SINAD ratios of the 16 channels, which transkateptimum
system performance. The SINAD rafa channelQis defined as[47]:

"Y'O0 60D L (4.3)
v Q 00Q
where"YQ is the received signal powei “Q is the noisgpower, andO Q is the nonlinear
distortionpower.

A two-tone test was utilized to find the SINAD ratios of the 16 channels for different
combinations ofOand"O. A total of 32 sinusoidal tones with equal amplitudes and random
phases were used to drive the DML,m&0 MHz spacing within each pair of ton&sorder
to have the intr@hannel distortion terms falling within the channel its¢lg spacing should

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

! Another definition gives SINAD as thratio of the total power (signal + noise + distortion) to the
unwanted power (noise + distortion).
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located nar the center of the channel, and their frequencies were ctwoaeaid overlaping

of their harmonic terms with tones in other chanaslshown in Table 4.1

Table4.1. Frequency of first tone in each channel

Channel index| Frequency (MHz)| Channel index| Frequency (MHz)
1 450 9 8490
2 1510 10 9470
3 2480 11 10510
4 3520 12 11530
5 4470 13 12400
6 5495 14 13490
7 6510 15 14470
8 7530 16 15510

The maximum amplitude of the total drive current was normalizé®t@and biased with
‘0. After transmission over 30 km of SSMF and photodetecfomer measurements were
used to find the SINAD ratio of each chanrahtive to'OandO . The electrical spectra for
channels 11, 12 and 13 after photodetection is showigime 44 for 'O 100 mAandO
17 mA The main tones, the noise floor, and the nonlinear distortion are distinguished for
channel 12. Digital filtering is used topsate these components in order to quantify their
powers. For the modeled DML, modulation conditions and transmission distance, the inter
channel modulation distortion and thermal noise dominate over thechdranel modulation
distortion. The nonlineatistortion terms which appear ligure 44 result from interchannel

modulation.

60



i e S | b T T

©

Q
T

I

Main tones

» a” ﬁ

T

1
—
i
o

T
L

NL distortion

Power (dB)
Y
o

i

w

(=
i

Noise floon

I
I
|
il
I
I
I
I
I
I
I

-140 il ~ i
-150
10 10.5 11 11.5 12 12.5 13
Frequency (GHz)

Figure 44. Received electrical spectrum of channels 11, 12 and 13 after a

transmission distance of 30 km.

In general, SINAD ratios obtained for a ttane test capture bo the intra and inter
channel modulation distortion. If modulated signals were used instead of twothanpsyer
of the distortion within the receiver bandwidth could be determined for each FDM channel
when it was selectively extinguished at the traitier, but this would only capture tlirter-
channel modulation distortion.

For every combination 0D and“O , the average and minimum SINAD ratios of the 16
channels were recorded in @8 shown irFigure 45. A larger O increases the average and
minimum SINAD ratios of the 16 channels, and there exists a range of valu@s\idrich

gives the highesiverage and highest minimum SINAD ratios
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Figure 45. Calculated (a) average SINAD ratio and (b) minimum SINADrati
over the 16 channels in dB for different modulation conditions and a
transmission distance of 30 km.
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Based on this assessment and taking into consideration the absolute maximum forward current
rating for the laser af50 mA the values 0cfOand’O were chosen to be 100 mA and 17 mA,
respectively.

The SINAD ratios of the individual channels for five sets of value&XandO are shown
in Figure 46 for comparison. With a fixe@® value of 17 mA, a highéimproves the
SINAD ratios of the channels, especially in the region of the first dip (near 5 GHz) due to
adiabatic chirp. For all cases, the second dip decreases the SINAD ratios of channels 14, 15
and 16. Moreover, for a fixé® valueof 100 mA, a smivalue for'O of 10 mA decreases the
SINAD ratios of the first six channels relative to the cas®ef17 mA and a large value of
30 mA decreases the SINAD ratios of channels 3 and above. Among these casef)setting

100 mA andO to 17 mAgives the highest SINAD ratios for the 16 channels.
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Figure 46. SINAD ratios of the 16 channels for different modulation conditions

and a transmission distance of 30 km.

4.3 Power loading for the DML/DD system

In order to investigate the role wbnlinear distortionthe twatone test was utilized to estimate

(in dBm) the electrical power of nonlinear distortion for each of the 16 channels when
transmitting over 10, 20 and 30 km SSMF. Thermal noise was turned off in the system
simulation to separate nonlinear distamtidAs shown inFigure 47 for 30 km transmission,
nonlinear distortion dominates over the thermal noise of the receiver (load resistanmge of 1
for channels 4 to 16. For the 16 channels, the power of nonlinear distortion varie®from
dBm to-79 dBm. Fo comparisonFigure 47 also shows the power of nonlinear distortion for

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

that the contribution of the nonlinear modulation dynamics of the laser toward the nonlinear
distortion is small compared to the thermal noise and the nonlinear distortion arising from
direct detection after dispersive transmission. It is wadting that nonlinear distortion is
composed of second (or higher order) harmonic distortion and intermodulation digetion
When a sinusoidal tone at aertain frequency™Q is passed through a nonlinear system,
nonlinear terms appear at frequies€ "Qwith € being an integer larger than These terms

are defined athe harmonic distortion terntg order . Intermodulation distortion terms result

from the passing of two (or more) tones through a nonlinear system. If two tones are located at
frequenciesQand™Q 3'Q these terms appear at frequenéfes 3'QQ ¢ 3QQ ¢3'Q

"Q o 3Qetc.

As mentionecdkarlier, the intechannel modulation distortiadominatesver the intrachannel
modulation distortion, therefore, tlenount of distortion within a channel is determined by

the powers of other channels rather than power of the channel itself. Featus rthe powsr

of nonlinear distortion for channels 4, 5, and 6 do not exhibit aasliphown in Fig. 4.7
However,because of frequency selective power fading, these channels have smaller received

power, and theiSINAD ratiosform a dip as shown iRig. 4.6.

In addition, he harmonic distortion generated by low frequency channels falls within the
bandwidth of high frequency channels and is added to their intermodulation distéhide.

the harmonic distortion of high frequency channels falls dtdrigrequencies than 16 GHz.
This leads to enhancing the nonlinear distortion in high frequency channels relative to low
frequency channels as showrFigure 47. Note that the power of distortiatepends offiber

attenuation beside its dependency oretm@unt of CD. This explains why distortion power in
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the two cases of 20 km and 30 km transmission seem to be close for most of the channels,
however, the attenuation is higher in the case of 30 km by 2 dB in the optical domain, which

leads to amallerelectrical power by 4 dB.

Subcarrier number

7012345678910‘1‘1‘12‘131415‘16
—©— NL distortion - 10 km

NL distortion - 20 km

75 | —©—NL distortion - 30 km 4
=G NL distortion - 30 km - O dispersion

=# Thermal noise

T = k= e — = — W — —ge g — = — - - %

-g--o-9--9

Nonlinear distortion and thermal noise (dBm)
&
(4]

-100
0 A% 99 29 40 69 6 19 §° 9%,0% 10,1030 10 6O
Subcarrier frequency (GHz)

Figure 47. Power of the nonlinear distortion at the receiver and thermal
noise after transmission over 10, 20, and 30 km S®WFEnonlinear.

Before applyingpower loading the electrical power of both tones in each channel at the
input of the DML is around30 dBm as shown iRigure 48, and the aim is to adjust the input
power of each of the 16 channels in order to obtain equalized SINAD ratios at the receiver. For
this purpose, the electrical SINAD ratio was estimated at the receiver for each channel, and

then normalized by the SINAD ratio of the first channel. The resulting normalized SINAD

66



ratios were utilized fopower loadingf the tones at the input of the DML bylgracting them

from the power levels (in dBm) of the 16 channels, then the maximum amplitude of the total
DML drive current was normalized t@ . This process changes both the nonlinear distortion

at the receiver and the received tones power for easineh and results in a new SINAD ratio
profile but with smaller variation over the 16 channels. The new SINAD ratio profile was
subtracted again from the new input power levels of the 16 channels. This process was repeated
for seven iterations. The vaii@h (maxmin) in the SINAD ratio profile decreased with each
iteration, reaching a value of 0.07 dB at the end of the process as sHegura49. The final

SINAD ratio profile is shown irFigure 410 (right axis). As a result, a fingower loading

profile was obtained as shownRigure 48.
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Figure 48. Electrical power of the DML inputalculatedor each channel
assuming a load resistance ofjl
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Figure 49. Variation of the calculated SINAD ratio profile at the receiver
after eachteration.

The powers of the nonlinear distortion for the two cases with and wigmowr loading
applied to the tones at the DML input are comparegignure 410 (left axis). Boosting the
input power of channels 3 to 7 aftpower loading(Figure 48) enhances the nonlinear
distortion of channels 8 to 14 as seerrigure 410. This increment of nonlinear distortion
exceeds the reduction resulting from decreasing the powers of channels 9 to 15 at the input.
In addition, an increase of 3 dBm in the powénonlinear distortion is noticed for channel
11, which explains the higher input power for this channel relative to the two neighboring

channelsy about 1 dBafterpower loadingas seen ifrigure 48.
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Figure 410. (Left) Power of the nonlinear distortion at the receiver before
and aftempower loading(Right) SINAD ratios of the 16 channels after

power loading Both for 30 km transmissioRL: power loading

The finalpower loadingrofile obtained from the twione test was applied to 16 modulated
channels with the same modulation format which was chosen to-QABR 16-QAM, or &
PSK. Adaptive equalization was used at the receiver for each channel before decision making
by employing the radius directed algoritfRDA) in the cases of 3@AM and 16QAM, and
the constant modulus algorithm in the case-BfSK.
The adaptive equalizer is updated at the symbollratery update of thequalizewvector of

taps, thenew vectorQ¢ p is calculated as a function of the vectee as
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NE p QE QEW & (44

where' is the step size andd ¢ is the complex conjugate of the input. The error function

‘Q ¢ s given by:
Q ¢ W €S Y w ¢ (4.5)

wherew € is the output of the equalizer ail is a real number that depends on the
modulation format and the symbol being processed. For UM constantyY p . For

RDA, the magnitude of the complex symbol being processed is estimated, then the Walue of

is the nearest to the magnitude ofia set of values which depend on the modulation format

i.e. For 16QAM, Y takes a value of 2, 10, or 18.

The equalizer improved the performance toward linear distortion in the system and used 13
filter taps with a step size of p 1 and converged &rt  p TtupdatesBit error ratio

(BER) estimationsvere done by direct error counting of 2 million bits/channel.

As shown inFigure 411, for each of the three used modulation formats, all 16 channels
performed with a BER lower than the hard decision (HD) FEC threshold.8fL03
corresponding tan overhead of 7¥&1]. This translates to net bit rates of 70.6 Gb/s, 56.5 Gb/s
or 42.4 Gb/svhen using 32AM, 16-QAM or 8-PSK, respectively. For the case ofQAM,
the first two channels have slightly lower BERs than the FEC limit therefore we focus on the
use of 16QAM in what follows. It is worth mentioning that when using modulated signals
instead of tones, the details of the nonlinear distortion changes, gookvibeloadingorofile
that was used with tones is not expected to achieve the same level of SINAD ratio equalization
when using modulated signals; however the BSERmationshow limited variation for the 16

channels which all operate under the target BER. In addition, the first three channels which are

70



dominated by thermal noise perform worse than the rest of channels which are dominated by
nonlinear distortion;His means a greater effect for thermal noise than nonlinear distortion on
performanceFigure 411 also shows the performance of-Q&M without applyingpower

loading while using adaptive equalization. Channels 4, 5 and 16 perform worse than the BER
targe of 3.8 103, anda gain in capacity of 23% is achieved withwer loadinggiven that the

modulation conditions are optimized.
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Figure 411. BER for the 16 channels after transmission over 30 km SSMF for

different modulation formats.

Channel5 is chosen to show the corresponding constellationthe tested modulian

formatsin Figure 4.12.
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As mentioned earlier, the 16 PRBS generators of the RF channels used a chosen set of
random seeds. To verify that thewer loading RPL) profile for 30 km transmission distance
obtained from the twdone test works well with the modulated channels with different bit
sequences, the performance was tested while using three different sets of random seeds for the
16 channeldor the two cases of using 4BAM and 8PSK as shown in Figre 4.13.With
minor differences in performance for the same modulation format, the results confirm that the

calculated PL profile performs well with different sets of data.
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Figure 4.13. BER for the 16 channels after transmission over 30 km SSMF for

different sets of random seeds in the PRBS generators.
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In order to evaluate the robustness of the systempdiaer loadingprofile for 30 km
transmission distance was utilizeat bther distances when using-@&M. The BER for the
worst channel is shown iRigure 414. The BER is under thelD-FEC BER threshold for
distances up to 30 km, however the effect of the second dip in the system frequency response
prevents successful opgion for longer transmission distances. The same procedure was
followed to find the optimized modulation conditions gnuaver loadingprofile for 10, 20, and
40 km transmission distances. The results are also shofkigure 414 and confirm that a

reachof 30 km can only be achieved when the system is optimized for this transmission

distance.
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Figure 414. Worst channel BER for different transmission distances when usiQuA\b

and optimizegpower loadingprofiles for distances of 10, 20, 30 and 40 km.
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44 Summary

In this chapter, anethod has been presented to perfpower loadingn an FDM DML/DD
system by utilizing a twaone test. The SINAD ratios of tieDM channels were calculated
after photodetection and used to optimize the modulation conditions of the DML. Then, the
required power loadingto equalize the received SINAD ratios of the FDM channels was
calculated from the initial SINAD ratios using an iterative procedure. The obtpmeer
loadingprofile was applied to 16 modulated channels which used the same modulatiah form
and the same symbol rate despite the frequeetactive power fading in the channel. For each

of 32QAM, 16-QAM and 8PSK modulation formats, all channels operated under the HD
FEC threshold with a total symbol rate of 15.2 Gbaud over 30 km SSMFdd&imienstrates

that the proposed method represents a generic approgahwier loadingvithout the need to
perform exhaustive system performance measurements for each modulation format of interest.
Finally, the robustness of the system performance towanpes in the transmission distance

was evaluated for distaspecificpower loadingprofiles.
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Chapter 5

Dispersion Compensation in a DML/DD System
Using a Kramer&ronig Receiver

Generally,in a DD system, chromatic dispersion is a major issue that limits the transmission
distance. In order to overcome this limitation, the use of KK detection has been proposed
recently[52]. The transmitted signal can be a conventional SSB signal with the modulation
directly impressed on a carrier or a singieded signal generated by locating a CW tone at the
edge of a modulatedoublesideband (DSB¥ignal spectrum. An SSB signal can eithe
generated directly using appropriate modulator drive signals or by using an optical filter to
convert from a DSB signgb3-55]. The CW tone for a singlsided signal can be generated
either electronically together with the signal, or optically usingansmit laser wavelength
shifter[56]. KK detectiorrelies on the fact that the complex envelope afatical SSB signal

is formed by an analytic signdor analytic signalsthe real andmnaginaryparts are related by

a Hilbert transfornj57]. Thisrelation can beitilizedto retrieve the phase of theceivedSSB

signal from its magnitudender a strict condition on the signal to be minirrpinase[58].

If the Z transform of a signal is expressed by a rational functionadmubles and zeroare
locatedinside the unit circle of the complékplane the signal is said to be minimum phase
[72]. To simplify practical applicability of this class of signalsnecessary and sufficient
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condition for an SSB signal to be minimyhasewas given in [59], requiringhat the
trajectory of the received signal in the complex plane not encircle the origin. This condition
can be met by a large enough CSRiRally, a value of 6 dB for the CSPR is sufficient to
achieve this requiremeff6]. After retrieving the phase of the received SSB signal from its
magnitude electronic CD compensatida performedat the receiver. Based on this feature,
several implementations have been presented which generate the required rphiasem

signal either eletronically or optically{52-56], [60-63].

Other approaches to retrieve the phase of the received opticalfsignals intensityin a
DD system were proposed recently. In [24], the correlation between optical power and chirp at
the output of a DML was used to estimate the phase of the recepiiedl signal after
propagating over 4 km of fiber. It was demonstrated that the cioreisstill maintained after
propagation through a relatively short reach optical link. For longer distances, the correlation
is lost, which sets a limitation on the use of this approlcfiZ3], an initial estimate of the
received phaseasassumed, ahthe transmitted complex fieldascalculated for the given
amount ofCD. Then, the calculated field at the transmittexs projected onto admissible
complex values according to the chirp characteristics of the transmitter and a new received
phasewasesimated. The estimate of the phasasimproved relative tdheinitial estimate
which was started with. The procesasrepeated for several times, and the final estimate of

the phasavasused for dispersion compensatmil00 km of fiber.

More recently algorithms forphase retrievarom intensityhave been proposed based on the
use of dispersive elements at the receiver. The powers of the signal before and after the
dispersive elemenweredetected with two separate photodetectors, and then used wededu

the received phase based on an iterative approact]jrahd a norterative approach in7p].
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In the latter, the temporal transpofftintensity equation was used to link temporal phase
variation of the signal and derivative of its power profile wibpect tdhe dispersion imposed
by a dispersive elementhen, the difference in power profiles before and dfftedispersive
element was used to solve teenporal transpof-intensity equation and calculate the phase
of the received signal.

In order to extract the benefits of the KK receiver, the majority of the proposed schemes
have relied on transmitters using external cavity lasers and I/Q modulators. Nonetheless, efforts
have been made to facilitate a wider application of the KK receiver logirefthe cost and
complexity of the transmitter. The use of a DFB laser source with an I/Q modulator was
proposed iff60]. In [61], the required SSB signal was generated by using a singkeMach
Zehnder modulator followed by optical filtering. As dtemative to external modulators, a
DML -based transmitter can be used with the KK recei8ach a scheme has not been
investigated, particularly in terms of the accompanying advantages andtisdehis scheme
paves the way for a wider applicationtbé KK receiver in DMLbased systems with reduced
cost and complexity.

DMLs are known for their relatively large positive chirp, which enhances the impact of CD
and limits the transmission distan¢g8]. In addition, the generation of an SSB signal
electranically is not possible with a DML since the phase and intensity of the modulated optical
signal cannot be controlled independently. For this reason, the generation of an SSB signal in
a DML-based transmitter is performed by means of optical filteringogtical filter with a
sharp edge is needed to provide sufficient suppression of one sideband, without sacrificing the
power of the optical carrier. The requirement of filter sharpness can be relaxed by employing

a subcarrier modulation scheme, which alléeeing a gap between the modulated signal and

78



the optical carrier, however at the expense of decreasing the bandwidth available for the
modulated signal.

In this chapter the use of KK detection in a DML/DD systaminvestigatedor the first
time. Theoptical phase obtained by numerically solving rate equations for a DML exhibits a
linear contribution. Considering it as a frequency shift of the optical spectrum, allows the
received optical signal to me#te minimumphase requirement. In addition tootbughly
discussing the principle, a simulative system implementation is presented based on the use of
SCM in a DML/DD scheme, with 53.5 Gh/sstigial sideband{SB) signal transmission over
65 km of uncompensated and unamplified SSMF, usiiegl0 Gb/s FB laser with a
bandwidth of ~16 GHz. Moreover, studies on system sensitivity to optical filter parameters,
frequency gap, and sampling rate are conductedchgteris organized as follows. Section
5.1lintroduces the principle of the DMKK system. Sectiob.2 provides details of the system

model and discusses the results. Finallyréselts are summarizea Section 53.

5.1 Principle of DML -KK system

Instead of using external modulators at ttamsmitter in a KK detection scheme, a directly
modulated laser can be used to generate a DSB signal, with one of the two sidebands attenuated
using an optical filter to generate the required SSB signal. Given the properties of optical filters
suitable f@ this application, the generated signal at the output of the filter is VSB rather than
SSB(not perfectly analytic)which affects the phase restoration process with KK deteasion

will be demonstrated lateAn important issue is the frequency chirg: exhibited by a DML,

which is given by3.6).
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Based on thrateequationamodel presented in Chapterf8r the modulation dynamics of a
DML, the instantaneous phage O ¢“_ ¥ 1 Q texhibits a strong linear contribution

¢ 3'Qalue to the nomegative adiabatic chirp that depends on the laser bias current.

At the transmitter, the optical field can be written as:

00Q Q (5.1)

5 O is obtained frong O by subtracting the linear contribution to the phase Qdi.e., by

detrendings O d,

o BO ¢'Y® (5.2)

The linear contribution to the phase correspondsftecuency shift oftie optical spectrum
relative toQ(the carrier frequency fortypothetical laser with O ), resulting in a carrier
frequencyQ "Q 37(J64]. This frequency shift simply reflects the dependence of the carrier
frequency on the lasduias current and is afo practical consequencehen an AGcoupled
modulating current is added to the bias current, the carrier frequency coincides with the CW
emission frequency.

After propagating through a VSB filter and dispersive fiber, the optical field incident on the

photodetectois written as:
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0 0Q Q (5.3

5 Ois obtained fromz O by subtracting the linear contribution to the phase Qdi.e.,
by detrendingg O :

B o B O ¢“Y0® (5.4)

Providedi 40 is a minimumphase signal, after direct detection, the KK relation can be used
to calculate the phase of the received optical field from the poweras
g O Oii1 @ o (5.5)

whereOdenotes the Hilbert transform. Onia® has been reconstructed, CD compensation
can be performeds will be demonstrated in the next section

In order to illustrate the above, an SSBM signal was generated numerically uding
rate equation description fone 10 Gb/s DFB laser followed by an ideal optical filter (see
Section5.2). The resulting SSB signal was propagated through 65 km of SEMFoptical
phase waveforry O at the output of the fibeand the detrended phage O are compared
in Figure5.1. The original phasg O shows astrong linear component withchange of ~80
rad within a time interval of 2 nand the modulation compent is too small to be seen relative
to the linear componenth€ detrended phage O shows a peako-peak swing less than 0.5

rad within the same interval.
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Figure 51. Optical phase of the SSBCM signal after 65 km of SSMF

In addition, the received optical fieldo after 65 km transmission is shown in the complex
plane inFigure 52 for a CSPR of 15 dB. It does not encircle the origin and so exhibits the

minimum-phase property.
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5.2 System model and results
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Figure 52. Complex field after 65 km @SMF

The system setup shown ifigure 53 was cesimulated using Matlab and VPI

TransmissionMakerl0.0. Matlab was used for the numerical solutions of the laser rate

equations, modelling the optical filter, applying the KK algorithm, electronic CD compensation

and adaptive equalization at the receiver.
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Figure 53. Block diagram of the system setilDC: ElectronicCD compensation.

83




A PRBSwas generated, and 2 million bits wenapped onto :QAM symbols in the RF
digital transmitter, and a 53.5 Gb/s SCM electrical signal was generated with a subcarrier
frequency of 8.85 GHZ his translates to a nkit rate 0f50 Gb/sassuming an overhead of 7%
which corresponds to the HEEC threshold 08.8 103[51]. By employing rootraisedcosine
pulse shaping with a reb¥ff factor of 0.01, the bandwidth of the SCM signal was 13.51 GHz.
The signal was then used as the input tebt ®AC with a sampling rate of 33.44 GSal/s (2.5
Sa/symbol). The maximuamplitudeof the output from the DAC was normalized to a value
) =25 mA and offset with a bias current= 90 mA These values were found through
performance optimization to achieve the target transmission distance of @5 kvill be
detailed laterTheresulting current was used to drive the DML.

Figure 5.4 shows the spectrum of the optical signal before the VSB filter.zero
frequency refers to the frequency of the optical carrier without ghirp 17). It is important to
note thathe relative powersf the upper sideband (USB) and lower sideband (LSB) depend
on the phase difference between the FM modulation (carrier density) and the AM modulation
(photon density]65]. When the two are in phase, the USB power is larger than the lower

sideband powerThis being the case here, the LSB was supressed by the VSB filter.
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Figure 54. Spectrum at the input of the VSB filter showing a higher power
for USB relative to LSB.

The modulated optical signal generated by the DML with an average power of ~8.8 dBm

was filtered by the VSB filter with an insertion loss of 3.5 dB and a transfer furj66gin

6 .
_ N — Q. O
Y'Q E,, M- AOA— AOA—— 9___ (56)
C I/Icu I/Icu CVI(I q

whered is the 6dB bandwidth of the optical filter, afl  specifies the steepness of the

filter edges, which we also refer to as the sharpness of the filter. The valdes fando
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were chosen to be 8 GHz, and 36 GHz, respectj@élyFor thesevalues, the transfer function
of the filter is shown in Figure 5and compared with the transfer function for =14 GHz
with the same value @f . Thesechosenvalues of6 are close to the specifications of
current commercial wavelength selective switdt@§. Note that fod = 8 GHz, the filter

edge roloff at the 3dB point is12.34 dB/10 GHz

Normalized power (dB)

0 [ | 1 | | | l | 1
32 28 24 20 16 12 8 -4 0 4 8 12 16 20 24 28 32
Frequency (GHz)

Figure 55. Transfer function of the VSB filter for two valuesdf

Figure 56 shows the spectrum of the optical signal after the VSB filter, in addition to the
left edge of the transfer function of the VSB filter. As showrFigure 56, the available
bandwidth was divided between the modulated signal and a gap between theapiarahnd
the modulated signal. This gap is useful with 4l filtering, in order to allow good

suppression of one sideband witha#crificing too much of the optical carrier power.
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Moreover, a larger gap relaxes the requirement of using a veny har, however at the
expense of reducing the bandwidth available for the modulated signal for a fixed transmitter
bandwidth.

For6 8 GHz and a bit rate of 53.5 Gb/s, a gap of 2.1 GHz was determined for the system.
This value for the gap was t@emined based on an evaluation of the system performance for
different gaps as will be detailed latkris worth mentioning thathe primary filter parameter

of interest i® , whiled can be chosen to be arbitrarily large since only the edgeeof

filter is used for generating the VSB signal.
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Figure 56. Spectrum at the output of the VSB filter and the left edge of the

filter transfer function
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The optical signal at the output of the VSB filtesd an average power of 3.57 dBm
Therefore, in addition to the 3.5 dB insertion loss of the filter, a drop of 1.8 dB in the power of
the signal was associated with the VSB filterilug to removing mostthe LSB The filtered
signal wadransmitted over 65 km of SSMF with a dispersion paranietefl 7 ps/km/nm and
an attenuation coefficient of 0.2 dB/km. Given the launch power into the fiber of 3.57 dBm and
transmission distances of less than 125 km dffiects ofiber nonlinearities were neglected.

The received optical signal had an average powet.48 dBm and was detected with an ideal
photodiode with a responsivity of 0.8 A/W. The thermal noise of the receiver was modeled as
white Gaussian noiseith a noise equivalent power gf @ 7#V( U68]. The output current

of the photodiode was digitized using-8i6 ADC with a sampling rate of 33.44 GSal/s. Before
entering the KK block, the digital signal was upsampled to 40.12 GSal/s, 53.5 GSa/s, or 80.25
GSa/s (3 Sa/symbol, 4 Sa/symbol, or 6 Sa/symbol, respectiltely)well known that the KK
relation requires upsampling to accommodate the larger bandwidth which results from the
logarithm operation. Moreover, several methods have been proposed to &voieeth for
upsampling52], [69], however this issue is out of the main scope of this Widré.KK relation

(55) was applied to the detected optical power to reconstruct the minphase
representation of the received sigha . Then, CD compensation in the frequency domain
was performed using the reconstructed figldl, and the optical field at the output of the VSB

filter was restored as follows:

- (5.9)
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where'O 71 isthetransfer function of the optical fiber due to chromatic dispersion as given
in (2.6).

After downsampling back to 33.44 GSatlse output was fed to a ABAM RF digital
receiver. In the RF receiver, adaptive equalization was employed based on the radied dir
algorithm (similar to Chapter 4)The equalizer improved the performance toward linear
distortion in the systerarising from the IM response of the DML aunsked 5 filter taps with
a step size op p 1 and converged aftar p T updates Afterwards, BERestimations
were done by direct error counting of 4 million bits. It is worth mentioning that no prior
knowledge of the laser parameters was assumed in any stage of the receiver.

In order to show the quality of the phase restorationdétieended phase of the received
optical field is plotted ifrigure 57 and compared with the restored phase using the KK relation
in the two cases of B2B and a transmission distance of 65 km. When employing an ideal filter,
an almost perfect restoration tfe detrended optical phase is achieved. However, when the
VSB filter is employedthe restored phase obtained by applying (5.5) to the received optical
power exhibits a small deviation from the detrended ph@seavoid the effect of sampling
rate on thehase restoration fagh sampling rate of 16 Sa/symbol was used in these illustrative

cases.
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Figure 57. Detrended versus restored phase of the received optical field when using an opticattidease of (a) B2Bideal filter
(b) 65 km- ideal filter (c) B2B- VSB filter, and (d) 65 km VSB filter.
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Using a value ob = 8 GHz, he received optical power (ROP) was controlled using a
variable optical attenuator (VOA) before the receiver, and performance measurements were
recorded as BER versus ROP in the case of B2B as shdvigire 58. Also, a comparison is
made wih the case of 65 km transmission for different values of the sampling rate in the KK
block. Clearly, asampling rate 063.5 GSa/ss sufficientfor the KK algorithm, and using a
higher sampling rate &0.25 GSa/sloes not improve the performance further. In addition, a
BER well under thé&iD-FEC threshold o6& p 1 (7% overheadyvas achieved in the case
of 53.5 GSa/and 65 km transmission (R@P-9.43 dBm), and a penality receiver sensitivity
of 0.43 dB relative to B2B was found. This penalty is due to the imperfect phase restoration,
which leads to imperfect CD compensation. It can be decreased by using a sharper filter. The
inset inFigure 5.8 shows the constellation at a ROP-8f43 dBm for the case of 65 km
transmission and an upsampled rat&é®5 GSa/sWithout the KK algorithm, the BER was
above théHD-FEC threshold for 65 km transmission. As a point for comparison, a penalty of

1.15dB inreceiver sensitivityvas obtained for 35 km transmissiithout the KK algorithm
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Figure 58. BER versus ROP with different sampling rates.

The choice of the transmission distance was determined based on the available ROP. To
highlight this, the receiver sensitivity at the BER threshold@f p 1 for transmission
distances up to 125 km was recorded in the cases of different sampling rasiton &althe
maximum available optical power at the receiver as showigimre 59. For the transmission
distances of 80 km, 100 km, and 125 km, a BEB&®f p 11 was not possible to obtain due

to the increasesdignalattenuatiorfrom fiber. Therefore, reasuring the receiver sensitivity in
these illustrative cases was performed by assuming an increased launchrpoatesampling

rates the quality of CD compensation deteriorates with increasing transmission distance, which
increases the receiver sdisiy for longer distances. However, when us@ 12 GSa/®r

53.5 GSa/s sampling ratdbe receiver sensitivitghanges byess than 0.5 dB in the sheort
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reach range between 15 km and 125 km. In addition, successful CD compensation is possible

beyond tle distance of 65 km if higher optical power is available at the receiver.
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Figure 59. Receiver sensitivity versus transmission distance with different

sampling rates

Moreover, the impact of the gap on the system performanceémwastigated. For this
purposethe amount of the gap was varied betw#8@ MHz and 2.6 GHz and the resulting
BERs were recorded faralues ofo between 8 GHz and 14 GHIg6] as shown irFigure
5.10. The location of the filter edge relative to thatical carrier was optimized for all cases.

For a fixed value 0d , a larger gap allows better suppression of the LSB, and hence better
quality of the optical phase restoration and CD compensation which improves the performance.

Similarly, for a fixed value of the gap, a sharper filter (smaller valuie of ) leads to improved
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performance. Also, for a certain required performance, using a sharper filter allows using a
smaller gap which is beneficial in minimizing the overall bandwidth of theaidt is
important to note that using a smaller gap in the SCM signal leads to decreasing the tolerance
of the system performance to shifts in the center frequency of the optical filter. This makes the
use of a gap of 2.1 GHz more practical than a gaf06fMHz, even though the simulation

results in Figure 30show that the system can operate under the BER threshol) ofp 1t

with a gap of 100 MHz.
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Figure 510. BER versus gap for different valuestof

In addition, the role of optical filter parameters was investigated in terms of filter sharpness

and shifts in the edge of the filter. For this purpds@s definedas the difference between the
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-3 dB frequency of the left filter edge and the frequenicthe optical carrier. The BER was

recorded versu¥ Ofor values o  between 8 GHz and 14 GHz as showfigure 511.
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Figure 511. BER versu®"Cfor different values ob

Using lower values of"Omeans shifting the filter response to the left on the frequency axis,
which means that the LSB is less filtered (the signal is less VSB). This results in worsening the
quality of KK phase restoration and the CD compensation. On the other hand, using highe
values ofy"Omeans shifting the filter to the right on the frequency axis, which causes the LSB
to be more filtered, but so is the optical carrier, which worsens the performance due to the
decreased CSPR. An optimum value ¥6®is found which increasefor smaller values of
0 (sharper filter). As shown iRigure 511, the optimum value fo¥"Gin case oy =8

GHz is higher by 2 GHz from that in caset®f = 14 GHz. This difference relates to the
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dependency of CSPR on the valueéf for the same value o¥'Q In addition, the
performance is improved when a sharper filter is employed, as was also sheiguran510.
Moreover, to have a BER belos® p 11 the permissible range of frequency shift for the
case of =8 GHz is about 7.5 GHz, and for the casetof = 14 GHz is about 5.6 GHz.
This implies that the use of a sharper filter increases the tolerance of the system toward shifts
in the center frequency of the optical filter.

The CSPR at the output of the aatli filter was recorded vers¥éfor 6 = 8 GHz and
0 =14 GHz as shown iRigure 512. The CSPR is defined as the power ratio of the carrier
to the remaining signal compondi0]. As Y"QGis varied over the indicated range, the CSPR
is affected by suppression of both the LSB and carrier to different exteaois.Figure 5.1,
the optimum performands realized a¥V"Q= -1 GHz ford6 = 8 GHz and atY"Q= -3 GHz
for6 =14 GHz, for which the CSPR is 15.2 dB and 15 dB, respectiviys explains the
difference of 2 GHz in the optimum value dfQfor these values df  as seen irfFigure

5.11.
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Figure 512. CSPR versu¥ Cfor two different values ab

In order to emphasize the impact of CSPR on system performance, the BER versus CSPR
for the values 06 = 8 GHz andb = 14 GHz is shown ifrigure 513. The CSPR was
varied by changingy" Qbetween9 GHz and 3 GHz, as iRigure 512 (points on the left are
for 3 GHz and points on the right are frGHz). For each of the two caseof =8 GHz
and0 =14 GHz, some points have almost the same value of CSPR however corresponding
to differentvalues ofY"Qas shown inFigure 512. This explains why they have different
resulting BERs. The optimum value of CSPR is ~15 dB for both cases, which is comparable to
the optimum CSPR of 14 dB j3]. Note that the CSPR waalculatedefore optical filtering
in [63], which in our case equals 15 dB. The CSPR of the VSB signal exceeds the CSPR of the

DSB signal for small values 6fQdue to the suppression of the LSB with little effect on the
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carrier. The partial suppression of theicglt carrier as the LSB is more strongly filtered

prevents the VSB CSPR from exceeding the DSB CSPR by 3 dB as would be the case for ideal

filtering.
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Figure 513. BER versus CSPR for two different valuegof . The CSPR
is changed by varyini’'Q

In addition to its dependency ofQ the CSPRat the output of the optical filtés also
dependent op and) . To analyze the effect of this dependepaysystem performangcthe
BER versus CSPRorresponding talifferent values o) and) is shown in Figure 5.14.
Consideringhe absolute maximum forward current rating for the laser of 150 mA, the values
of ) vary between 60 mA and 90 nwith a step of 10 mAand thevalues for) varybetween
10 mA and 55 mA with a step of 5 mPor all results in Figure 5.14, equals8 GHz, the
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gap is 2.1 GHzY'(is -1 GHz,andthe transmission distance is 65 Kror the values of =

25 mA and) =90 mA, an optimum performance is obtained with an optimum CSPR of 15.2
dB which meets the previous result of the optimum CSPRavith=8 GHz For each value

of ) , the ROP wasestimatedis shown in the legen@ihe ROP is proportional 0. Therefoe,
increasing) results in a lower BER for all values bf. Forany value of) , the optimum

value of) is 25 mA. Therefore, the optimum CSPR dependy amly. Using a smalley

than 25 mA increases the CSPR and worsens performance because of receiver noise. On the
other hand, using a largér than 25 mA decreases the CSPR and worsens performance
because of the nonlinearity in the system. Miagnsource of nonlinearity is tHaser nonlinear
distortions In addition, as chromatic dispersion is not perfectly compensated due to the VSB
filtering and imperfect restoration of the received optical phase, the combination of chromatic
dispersion and direct detectiomakes another caribution to nonlinearity in the systerm

order to separate these two sources of nonlinearity, theestimmtion®f BER versus CSPS

was repeated in B2&s shown in Figure 5.18sing the VOA, he optical signalvas attenuated

by 13 dB before the recaivto make the results comparable to the case of 65 km transmission
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Figure 5.4. BER versus CSP#®Rr a transmission distance 6 km The
CSPR is changed by varyingand) .

Unlike the case of 65 km transmission,@timum performance is obtainéu the values of

) =40 mA and) =90 mA, with an optimum CSPR of 10.9 dBae optimum value of is
proportional to) and varies between 30 mA and 40 mA when changirgetween 60 mA

and 90 mA, respectivelyTherefore, a larger bias current allows using a larger modulation
current. This is due to the suppression oflfiser nonlinear distortionsith an increased bias
current[33]. The optimum values fgr in B2B are all higher than the optimum value of 25
mA in the case of 65 km transmission. This is because the contribution to nonlinearity from

the combination of dispersion and direct detecisomo longer present. In the same tirte
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laser nonlinear distortioriead to worsening the performance when a value dérger than

the optimum is used for any value)of

Figure 5.15. BER versus CSPR for BZBie CSPR is changed by varying
and) .

5.3 Summary

In this chapter the use of the KK receiver for dispersion compensatiasinvestigatedn a

direct detection system based ddML . Thevalidity of the KK receivewwasdemonstratetly
considering a linear contribution to the optical phase arising from a numerical solution of the
laser rate equations as a frequency shift of the optical spectrum. The modulated optical signal

couldthen meet the minimusphase condition required by th&klgorithm. A system model
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