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Resumen

Durante la ultima décadks sociedad halevadosu interconexionesto a su vez ha incrementado

las expectatias sobreaumentaenvelocidad de datos, reduccion en los costos de implementacion,

y flexibilidad de implementacion de la siguiente generacion de redes de comunicdemmles.
tanto, se ha propuestla comunicacion 6ptica coherente usando multiplexap@mdivision de
frecuencia ortogondICO-OFDM por sus siglas eénglés como un método apto para cumplir estas
expectativas Esto, debido a que puedeoitar con una alta eficiencia espectrabbustez a la
dispersion cromatica y una conveniente flexibiidee implementaciory capacidades de
compensar facilmente los efectos no linealeando técnicas de procesamiento digital de sefiales.
Es por estas razones que se muestra coamveninvestigar técnicas noweshs que mejoren el
desempefio del sistema €&-DM, reduciendo las diorsiones no linealestravés del incremento
delrango dindmico de trabajo de los componentes no lineales como los amplificadores opticos por
semiconductor (SOA por sus siglas en ingles).

En este trabajo, algunos métodos de compebhisam lineal son estliados y optimizados para
obtener la menor magnitud del vector de error (EVM por sus siglas en ingles) en funcion de la
potencia de entrada del SOA. También se presenta un analisimdelcSOA es afectado por el
cambio de su fuentde alimentacion (coiente de bias), dando una importante comprensién del
comportamiento no lineal del SOA en términos del EVM, potencia de salida, y ganancia promedio.
Estos efectos no lineales asociados con el SOA pueden provocar un bajo rendimiela® para
sistemas de coamicacidonde modulacion con envolvente no constabiea variedad de métodos

de linealizacion puedeser adoptados para lidiar con los defectos de recepcion y ofrecer un sistema
efectivo.

En esta tesis de doctorado, un métodoadéeo de envolvente ET por sus siglas emglés es
propuesto para la linealizacién de un sistema de transmisiéROMDamplificado por un SOA.

Se estudia el desempefio dedigeiio optimizado de ET para varios escenarios con el eventual uso
de métodos de redcién de picos de pehcia PAPR (PAPR por sus siglas iaglés usando
métodos de recorte o métodos de compensaciéimerl. También, se exponenuminucioso
andlisis de lalensidadde portadagspara evaluar la efectividad del método propuesto. Ademas,

seexpone la robustez del sistema ET contra la variacion de sus parametros internos.
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Summary

Sincethe last decadethe societyhas becom more connectethcreasingthe expectations about
high data rates, low cost of implementation, and flexibility for thext generation of
communication networksThus, b meet tlese requirementsthe coherent opticalorthogonal
frequencydivision multiplexingtechnigug CO-OFDM) has pointed out assalitable ¢chnology
CO-OFDM can achieg high spectral efficiency, robustness to chromatic dispersamd
convenient implementain flexibility and capabilities of compensating nonlinear impairments
with digital signal processinmethods Hence it isconvenientto researcmovel techniques that
improve performance,mitigating nonlinear distortiondy increasingthe dynamic range of
nonlinear devices such aemiconductooptical amplifier(SOA).

In thiswork, some nonlinear companding methods are studied andinptl to get the lower error
vector magnitude (EVM) as a function of SOA input power. Also, a deep analysigy theSOA
behavior is affected by the change of its power supply (bias current) is presented, giving an
important comprehensioof the SOA nornhear behavior in terms of EVM, output power, and
gain. Theseinherentnonlinear effects associatedth SOA may trangte into a transmission
performance loss for netonstant envelopenodulation formats. However, a variety of
linearization schemes may hdopted for coping with these impairments and offering an effective
system design.

In this doctoraldissertation an envelope tracking (ET) techniquepi®posedor linearizing an
SOA-basedCO-OFDM transmitter.Optimized design of the E$ubsystem is pormed under
various scenarios, with the eventual joint us@edk to average power ratiBAPR) reduction
either via hareclipping or nonlinearcompanding. A thoroug®OA carrier density analysis is
performedto assess the effectiveness of gneposedscheme Moreover, the robustness of the
proposed approach against some parameters variation bothtimsi@T path (DAC characteristics

andbandwidth limited envelope generatias)exposed
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Introduc tion

The current society demands more capacity to exchange informationtarsgdnetworks
in terms of highspeed data transmission and bandwid#pacity. Optial networksare the
predominant technology to achieve this objective [Reit@is Recently, there has been intéres
in investigating optical communication systems using multicamedulation formats, suchsa
orthogonal frequency division multiplexif@FDM), in their various configurations [Slnel0].
As statedbefore multicarrier modulatios[Shien-10], [Zhac14] have proved to be promising for
satisfying the eveincreasing capacity demand in optical fiber networks [Agr€]] with key
features including high spectral efficiency, robustness to fiber chromatic dispersion and
polarization mode dispersion, and powerful digital signal proce$Bi§g)based implementation.
However, multicarrierignals usually havehne drawback of a nonconstant envelope with possible
largepeak to average power raiBAPR) [Rahmatallakl3], which makes them highly sensitive
to nonlinear distdions. In this thess, the robustness of an envelope traclsggtem with the
eventual joint use of PAPReduction methodss a crest reduction factor to linearize the
semiconductor optical amplifie60QA) as a poweboosters studied

PAPRreduction methosl worksredudang the peaks of power at the signhd.the latest
years, a huge amount of PAPR methods he been published Rahmatallafl3]. Among a
considerale number of PAPR reduction techniques, themcompandingtransformmethods
(CT). CT techniquebiave beenattracting attentiobecause atheir low computational complexity
and relative effectivity to reduce the PAPR withancreasng the inputpower [Y.Wang13].
Companding methods waskvith the statistical redistribution of the signal applying a transforming
function Companding methods could be divided inioear compandingand nonlinear
companding However, nonlinear companding methods exhibit more efficientiyese
applications commonly use a piecewise function to transform the signal by selectangndlif
inflection points. Pdbrmance improvement ofnaSOA-based CEGOFDM transmission system
has been shawin [Azow15 using some nonlinear companding methods. this work
performance improvement of 3 dB It error rate(BER) for SOA amplifier in saturation regime
was achieved using optimal companding parametgtanizationwas reached applying hybrid

optimizationschemesgombining geneti@algorithmsand local minima algorithen These results
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corroborate that companding methods reduce partially nonlinear behavior on SOA based CO
OFDM system.Although some companding methods haveelativediffi culty to be optimized.
This conditionis due to the multiple parameters involved in the transforming functions. However,
other classics companding methods are easy to implement suelaas[Wang99] or hard
clipping [Rahmatallar13], which only have one parameter to optimize.this thesis different
optimization methods are applied famonlinear companding method [Waf§], over a wide
range of input powearto estimate iran adaptative way the optimal companding pagters as a
function of input power signal.

On the other handhé optoelectronics devices involved in filmgtic communication
systems may induce various specific nonlinear impairments, netithe transmitteside due to
the sinusalal characteristic of the optical modulafNapoli-18], [Amiralizadek15] or in the fiber
dueto the Kerreffect at high launch power [Amati7], [Dar17]. Further nonlinearities may be
caused by optical amplifiers, especially if S@fe adopted [Bendimergdd]. With the use of
spectrally efftient modulation formats, these nonlinear impairments can translate into severe
performance degradation, and their compensation via digital signalspnogtchniques is the
subject of a growinditerature. Populamethals encompass digital predistortjodigital back
propagation, Volterra series based nonlinear equalization, or machimedea

In this doctoral dissertatignwe focus on the nonlinear effects associatéd SOA used
as a booster amplifierAs pointed out in several recent studies [BendimérgfRenaudier
19],[Koenig14] SOA may bean altenative to the reference ErbiuDoped Fiber Amplifier
(EDFA) technology in future WDM optical networks, due to their interesting key features
including low-cost, wide optical bandwidilcompactnessandintegrability. However, in some
scenarios, compensation technigues appear to be oéknitiportance for combating the intrinsic
nonlinear gain dynamics of the SOA and thus achieving favorable system performance. Different
technigues have been reporsedfar, with various cases depending on the role of the SOA (booster,
in-line amplifier or preamplifier, with possible cascade) and the number of channels involved.
Some techniques alleviate the nonlinear distortions via digitalal processindike digital
backpropagation [LL0], [Ghazisaeidil1] or digital predistortiofiLange 13], [Bejan15], [Diouf-
17], and noADSP schemes have also been investigated, like feedforward linear[Zat@tabai
07], gairclamped SOA [Tiemeije®6] and noruniform biasing [Ngl2], [SaleR88]. Other
efforts have focused on changing the device desigrereitith multicontact SOA [O DUiH17]
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or QuanturDot structure [Akiyama7].

Likewise, the design of an ESubsystem for coping with SOAonlinear impairmestis
revealed In this workthis amplifieris used as aower boostein a COOFDM systemAlso, some
of our previous workare presentedncluding [OrtizCorneje17] in which we pointed out the
effectiveness of EESOA for amplifying muticarrier signals and [OrtixCorneje18] devoted to
the optimal tuning of some parameters of the ET block jointly with PAgeRction, withthe view
to minimize thesrror vectormagnitudg EVM) [Schmogrowl12]. A few other studies are identified
in the literature regarding bias currenontrol of SOAs for improving the a@nsmission
performance. These prior contributions share some similarities[@itlz-Cornejo20], even if
they have different objectives and system setups. ®alah [SaleF88] have shown forhie first
time that varying the bias curremtay theoretically leatb a constant average carrier density
the SOA while amplifying noftonstant envelope signals.[Salel88] the authors conducted an
experimat for showing the linearizatioperformance with a twtone signal athe input of the
SOA, which is used as an inline amplifiekround 14 dB reduction in the intermodiiden
distortion over a wide range afiput power has been reported [Balehr88] for a frequency
separation going up to 1.25 GHz between the two tones. Lateet Hig [Ng12] proposed an
optimizednon-uniform bias current so as to achieve SOAgauiformity in the presence of high
speed input pulses. In a recent work, Fujiwara and Koma [Fuji@/drproposed to vary the SOA
bias current to capwith the neafar problem typical of PON upstie transmission. The approach
relies on a cascade setup wiitie use of a fast feedforward control circuit applied to the first SOA
and output burst frame powers being equalized in the second SOA. Mordyrd2alta Santa et
al. [Santal9] have investigated an SOA bias current control strategy for optical equalization of
the upstream ia passive optical networlPON) system with four 25 Gb/s channels and multilevel
modulaton format, the SOA being used as a-aneplifier. Such adaptive biasing schemes actually
shares some similarities with the popular envelope trad&ig technique [Wan®5], [Wang
15] used for inaeasing RF power amplifi@fficiency, by modulating the supply voltage according
to the input signal envelope fluctuation. Compared to digital basqtraddstortion techniques,
an ET scheme for linearizing SOA offers the advantage that it can be applied withsanitar
approach whether SOA is used as a booster anadine amplifier, with no strict requirement
regarding the linearizer tuning (no learning stage). In addition, ET may offer a more significant

performance gain. Many extensions are proposehisrissertatiorto corroborate the capability
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of ET for achieving highly linear coherent optical transmifterduding an SOAAIso, the carrier
density throughhe SOA active region is examined under an ET regifien an optimizatiorof
the ET-subsystem is reported for various scenarios with an eventual joint use of hard dipping
soft clipping, considering numerous SOA target gains and @#ddulation orderd.ikewise, he
robustness of the optimiz&i-SOA-based CEOFDM transmitteris studied for changes of some
parameters of the ET subsystem (Ipass filter bandwidthDAC sampling rat@and resolution) or
in presence afome laser waveleng#hift.

Even if we consider a conventiomajclic prefix OFDM (CP-OFDM) modulation format
[Sahin14] in thisdoctoral dissertatigrour study is actually generand wethink that it may be
of interest for other researchers interested in the use of SOAs with any other advaroeaistennt
envelope modulation format offering higher spectral efficiency, like OFDM/OQAM [Z7g0

Also, we consider RPR reduction via nonlinear compandirgut ourintentionis to reveal
that combining ETwith PAPR reduction translates into a significant transmission performance
gain and this conclusion also holds if anothePRAedution technique is used.

This doctoral dissertation is organized as follows:

In Chapterl, the basic concepts about multicarneodulationare presentedt explains
the typicalOFDM system and itsiniquefeatures wherit is applied to optical communications
systems.Adding a brief reviewof the optical amplifier features antheir characteristicas
included The peak to average power ratipAPR), andsomemethods to redudhis critical issue
in OFDM systemsare explainedFinally, the coherent optical orthogonal frequency division
multiplexing (CO-OFDM) simulation system idescribed

Chapter 2 shows brid reviewof different compandingansformsNonlinearcompanding
transforms(NCT) are addresseadvith the best performance reported in termsB&R and lower
computatbnal complexity Furthermorea comparative of optimizan methods to identify which
optimization method is more efficient to find Wa@ngonlinearcompandingransform [Wangl3]
optimal parameters that yield minimunvE and low computational timis presentedThen, the
optimization process using a hybrid scheme, a comparison of optimization methods, and the
application of a gradierfftee method over a wide range of input power on the@EDM system
is explained

Chapter3 is devoted tgpresent the simulation results given by the bias cuntesrige on

SOAbased CADFDM system fora wide range of input power levelsn analysis of bias current
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functions to control theEVM, output power, oroptical gain , and also the benefits and
disadvantages of these three approaenegresented

Chapter 4 exposesa brief explanation of theenvelope based methods for power
management and lineaaitzon for radio frequency systems. Essentiahctions as envelope
estimations and restoration and envelope tracimegllustratedAlso, this chapteis focused on
the envelope shapirfgnctionas acritical operation element on an Eystem to achieve power
efficiency and linearity.The benefits of the ET technigaelapted to £0-OFDM systemusing
an SOAas a power boostare evaluated

In Chapter5, the SOAtypical characteristics are summarized, and ansEffeme is
presented for linearizing a GOFDM transmitter Then,the ET block optimizatiowvia particle
swarm optimizatior(PSO) is studied. Numerical results are developed to show the effectiveness
of the proposed scheme.

Chapter6 briefly reminds the relationdiween the SOA s o0 p t and igslbiasg@rren
and describes our envelope tracklB@A system model. Then, the carrier dengtyanalyzed
under anenvelope tracking regime. EJOA block is optimized under differentonditions
increasing the modulation schemes and PAPB#uction methods. Also, the robustness of the
proposed ETSOA based CE&DFDM trangnitter to some parameter changes is outlined.

In the General Conclusionthie most significant contributions of this doctoral dissertation
are digested, discussing the overall results of the proposed envelope triadkingjue for
semiconductor optical amplifier working as a boosterthe CO-OFDM system and the
optimizationmethods used to get the optimtahedparameters to control de SOx¥as current
Perspectives for future research are briefly summarized.

Finally, Appendix Ashows the reference list of the nine internal research reports written
during the doctoral researchm Appendix B the reference to the academic production published

in journak and conferenceis shown






1. Coherent Optical Orthogonal Frequency Division
Multiplexing System

This chapter presents a brief descriptioaf nonlinearity issues produced in optical
amplifiers applied to optical OFDM systems. It also analyzes tlieaudo calculate the peak to
averagepower ratio (PAPR in OFDM signals.Additionally, this chapterpresents a brief
descriptionof the most common methods to reduce PABRI thus reduce nonlinearities
semiconductor optical amplifiersFurthermore this chapter presents an overview of the
architectureof a simulation platformfor semiconductor optical amplifier6SOA) based on
coherent opticaODFDM (CO-OFDM) which | used all along my doctoral worome of my
products contributed to enhanitg original features, suchsgain control and SOA input power
control. The simulation platform also allows testing neethod for the linearization of SOA
amplifiers andto obtain data that allows controlling the SOA by monitoring the envelope of the
OFDM signal.

1.1. Multicarrier Mod ulation

Multicarrier modulation (MCM) is a transmission scheme that uses several carriers to
transmit data generated at the baselignaheans of its translation in frequency to the passband
the channelRroakis02]. Fig. 1.1 shows the MCMfundamentalfrequency diagram. The most
common MCM schemes afeequencydivision multiplexing (FDM) and orthogonalfrequency
division multiplexing (OFDM) [Armstrong09].

1.1.1 Frequency Division Multiplexing (FDM)

FDM allows ransmittingmultiple signals in a sirlg channel tovarioususers. FDM assigns
a different carrier frequency tach usefor transmissionProakis02]. Fig. 1.2a illustrates the
process to modulate a generic multicark&M signal, where each signal modulates a separate
carrierfc, and each carrier is summed to be transmittesl the channel. Every single carrier is
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Fig.1.1 Comparison of power spectrum between a) FDM and b) OFDi#d. spectral
efficiency of OFDM is better thaRDM.

generated independentiHowever, the carrier frequency for each user is chosen so that the
transnissions do not overlap in frequency. This results in significant use of band8hith-10],
as shown irFig. 1.1.
Equation(1-1) shows the basic principle of an MCMsdgm, where the multicarriers are
added for transmission amaust be separated in the receileefore demodulatiorHitz-07).
st) = x sin(20(f,) Q) + x, sin(2p(f,) Q) +3 x, sin(20(f.) &) (1-1)
wheres(t) is the modulated signal afid f,  feare the carriers frequencies, aadx,, @ are

theinformationsignals.

1.1.2 Orthogonal Frequency Division Multiplexing (OFDM)

An alternative to improvéhe FDM scheme is the OFDMOFDM is a type of MCM and a
particularcase of FDM. The principal advantage of OFDM over FDM is the bandwaitkd
This is possible because the OFDM signal presents orthogonaktedresubcarriers. This is
made thanks to the use of subcarfiguencies that are multiples of the first frequefcy
(harmonics), as shown ig. 1.2b. The spectra between subcarriers overaj,each subcarrier

is in the spectralulls of all other subcarrierdMolisch-10]. Fig. 1.1b shows this principle in the
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Fig. 1.2 Multicarrier modulation system basic diagram: )M and b) OFDM. RF
interference are the major issues in the FDM technique while OFDM is immune
to these problems.

frequency domain. A basic diagrash OFDM system is shown iRig. 1.2b. Note that the main
difference between FDM and OFDM is the way that the carrier frequencies are chosen, as seen in
Fig. 1.2,

1.2. The OFDM System

OFDM has been widely deployed in wireless communications and recently studied for
optical communications. Some of its main characteristics are the low levieitas§ymbol
interferenc€lSl), and the high spectral efficiency comparathwther techniques of nidarrier
modulation like FDM[Shiehk10].

1.2.1 Elements of the OFDMSystem

Fig. 1.3 shows a basic block diagram of OFBlystem. The first steg to convert the input
data stream into a codeord, using coding and interleavitngchniques to reduce thé error rate
(BER).

The second step consists of mapping eacthefdata words using an-&ry modulation
technique likeqguadratureamplitude modulationQAM or phaseshift keying PSK; this is made at
the lowpass equivalent sigralel, so a complex signal is producfeitz-07]. The output of this

functional block is a set of parallel data symbols, as showtignl.3. Each output symbol is
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‘ OFDM Transmitter ‘

— T
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T
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De- demapper demodulator parallel converter 1Q
. . QAM/PSK (DFT) & ADC demodulator
interleaving

?
3{x(6)}
‘ OFDM Receiver ‘

Fig.1.3 Basic block diagram of an OFDIgystem. One of the key features in OFDM
modulation is the use of IDFT to modulate the signal.

independently modulated on a separate subcdreigiency.

The multicarriermodulatorand demodulaton OFDM, can be implemented by the use of
a paallel bank of filters based on theversediscrete Fourier transform (IDFT). This fctronal
block eliminates the necessity of using local oscillators and filters perseathl [Proakis02].
The definition of thdDFT for the OFDM syrbol sample is:

N-1 9 i ~
=%axk®§é%'8 for 0¢n¢(N- 1) (1-2)
k=0 =

whereN is the total quantity of subcarriers,is the subcarrienumber, andXxis the complex
number (symbolyepresenting, foexample, 4 bits if using 2QAM mapping

The input to the IDFblock isthe complexvectorX = [Xo X3 X2 € Xn.1]" whereN is the
size of the IDFT, and each of the array elements represents the data to be carried in the
corresponding subcarriefhe resulting complex vector in the output of the IDFX #s[Xo X1 X2
é xna]' [Armstrong-09], as shown irFig. 1.3.

OFDM modulation and demodulation based on IDFT/DFT can be performed efficiently by
the use ofinversefast Fouriertransform(IFFT) andfast Fouriertransform respectively. This

implementation reduces computation complexyoakis02].
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Fig.1.4 Up-converter IQ Modulatorlbck diagram andthe resulting OFDM signai(t),
as showed iii1-4).

The complex vectok generated by computing the IFFT is passed through a parallel to
serial converter (P/S),nd then to a digital to analog conver(€AC), where the output is the
OFDM signal waveformx(t). This analog signal corresponds to the sum of the baseband
subcarriers.

As said before, thenodulation is made at the low pass equivalent signal leveltso
representshie baseband complex value signal having depl(t)} and imaginary parts{x(t)}
[Shiek10].

x(t) = A{x(t)} + IA{x(t)} (1-3)

Finally, the basebandomplex value signak(t) is upconverted to passbarsignal s(t)
ready to be transmitted. Mathematically, this transformation involves a complex raulfipixer)
that can be expressed follow,

s(t) = A{x()}e 1?0 = A{(t) cod2o(.) Q) - AX(thsin(2o(f) @) (14
where the passbarsignd s(t) is a real valueé signal at the center frequency carrierfaf

This kind of modula i on uses (dn oflamdp ME Y& oq unad@uwult autr cer

modulato). IQ data inputs represent the complex value signal, Whemé\{x(t)} is the real part

of the signal andQ = A{x(t)} is the imaginary part of the signal.

The 1/Q modulatomixes thel part of the signa(t) with thef; carrier, and mixes th@
part of the signad(t) with the same carrier at a-@l@gree phase offsas shown irFig. 1.4. The Q
signal is subtracted from the output signal producing the final ORigMal to betransmitted
[Shier10].

11
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TABLE 1.1. STANDARDS THAT USE OFDM

Application Name of the Standard
Digital Audio Broadcasting DAB Eureka 147
Digital television DVB-T/T2 (terrestrial), DVBH (handheld),
DMB-T/H, DVB-C2 (cable)
Wireless LAN IEEE 802.11a, IEEE 802.11g, IEEE
LAN 802.11n, IEEE 802.11ac, and IEBB2.11ad
Worldwide Interoperability for Microwave WiMAX (30-40 Gbps)
Access
Asymmetric digital subscriber line ADSL High speed data communications ADS
(G.dmt/ITUG.992.1)
Long Term Evolution LTE and LTE Advanced 4G mobile phone
standards
Modern narrow and BROADBAND powe IEEE 1901, ITUT G.hn standrd

line communications.

The second part of the OFDBlstemis the receiverthat is shown inFig. 1.3. It is
composed by the same functional blocks agrdresmitterbut doing the inverse actions. The aim
of the receiver is to transforthe analog passbasdynal that comes from the channel to baseband
signal using a dowwonverter IQ demodulatoAfter this step, thbaseband signal is demodulated
and converted to serial digital datahich is the nature of the transmitter data input, as shown in
Fig. 1.3. Table 1.1 shows different communication standards where OFDM is used. OFDM is
present in differentr@as of communication technology like audio, video, data, synastand it
has a promising future in high speed data rate systBaisnjatallakl3]. In fact, OFDM has
recently been applied to optical communications, in consequandiggrsity of optical OFDM
systems have been proposed, I€eherent Optical OFDM(CO-OFDM) for their special
modulation characteristic such as linear field modulatiwwhich is explained in the following

subsection

12
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Fig.1.5 Functional block diagram of a GOFDM system

1.2.2 Coherent Optical OFDM

In the last few yearsCO-OFDM has beerone of the most studie@FDM schemes in
theoretical researcglas well as in practical performangehiekr10]. Fig. 1.5 shows the functional
block diagram of £O-OFDM system As mentioned in the lasectionsCO-OFDM has been the
subject to an intense research dffiorrecent years [Zhar§j3], [Cvijetic-12]. This modulation
technology offers several important advantages, including high spectral efficiency, inherent
robustness against intersymbiaterference (ISI) caused by chromatic dispersion (CD) and
polarization mode dispersigRMD), and flexible digital signal processibased implementation.

CO-OFDM uses a linear field modulatidrom the output of the OFDM transmitteo that
there is a linear relationship between the transmitter IFFT input and the re€BiVesutput.
Consequently, a linear transformation is the key goatlfer CGOFDM implementation. Te
challenges for CaDFDM implementation i@ to obtain a lineatadio frequency to opticaRTO)
up-converter and lineasptical to radiofrequencfOTR) down-converterlt has been propesl and
analyzed that, by biasing the Maaehnder modulater (MZMs) atthe null point, a linear
conversion between the RF signal and the optical field signal can be actSéeel0]. The 1Q
modulatoruses a two MacZehnder Modulator, as shownfing. 1.5.

An additional difference in C&@FDM, as compared with other optical OFDM schemes,

13
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TABLE 1.2. OPTICAL AMPLIFIER SEMICONDUCTORFEATURESCOMPARISON[Conelly-98]

Feature OFA SOA
Maximum internal gain (dB)  30-50 30
Insertion loss (dB) 0.17 2 61 10
Polarization sensitive No Weak (<2 dB)
Pump source Optical Electrical
3 dB gain bandwidth (nm) 30 3071 50
Nonlinear effects Negligible Yes
Saturation output power (dBn 107 15 57 20
Noise figure (dB)
Integrated circuit compatible’ No Yes
Functional device possibility~ No Yes

Is that CQOFDM requires a lageat the receiveto generate the carrier locally to achieve linearity,
and is more sensitive to phase noSkigh10]. Fig. 1.5 shows the optical carrigieneratedby the
LaserDiode LD1 onthe 1Q modulatoand by Laser Diode LD2 on the demodulator

In addition CO-OFDM needs to use an optical powenglifier to enhance the power
transmssion signal. Furthermore, optical amplifiers hawme drawbacks like nonlinearities

present at the output signal whibiey are operatingear tothe saturation region

1.3. Optical Amplifiers

As mentioned inthe last section, the oftal amplifier is one of the key components in
optical transmission systen@ptical anplifiers can be divided to optical fiber anplifiers (OFA)
and semiconductor opticalmaplifiers (SOA). The four man parameters for characterizing the
performance of optical amplifiers in a communication system are fiigises, signal gain,
frequency bandwidth and saturation output pow¢Keiser91]. Table 1.2 shows a techna
parameter comparison between OFA and SOA. Note that SOA camwiitbrk larger optical gain
bandwidthof 30 to 50 nm; moreover, SO#ave good performange terms of saturation opit
power everto 20 dBm[Khaleght12)].

The main difference between OFA and SBAhat the OFA uses an optical pump source

to amplify the opticakignal, whileSOA works with an electrical pump wee to arplify the

14
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Fig. 1.7 SOA functional block diagram.

signal Another advantage ihat SOA have small physical dimensionghich makes it easy to
assemblén an eleatonic circuit, as shown iRig. 1.6 [Ware 11].

The SOAhasthree basic compontn Electrical drive current (pump source), Active region
(semiconductor cavityandFacet input and output, (s€8g. 1.7). These are necessary to sustain
the stimulated emissiaof photons and amplify the optical sigf@lonnelly-98].

TheSOA s drivenby an electricaturrent, also named asimpsource or bias currenthe
active region stimulatghe weak optial input signal to have a gain photon power at the Amplified
optical signal output, as shownfig. 1.8.

The basic principle of operatias the same of the laser. Lasetion is the result of three
key processes. These are photon absorpsipontaneous emissioand stimulated emissioiihe
three processes are represented by the simplememylevel diagram depictein Fig. 1.9.

The gain saturation produces signal distortion, aaditive noise The additive noise is

named amplified spontaneous emiss{&$E), and it is gemated by the amplification process
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into the active regionJonnelly-98].

A major disadvatage of SOAs the nonlinear effects the output signal and then the
distortion of the output signal at the output power amplificthe OFDMtransmitter This is the
reason for theesearch interest in novel technigi@seduce the nonlinear effects and improve the

performance of SO OFDM systems.

1.4. Peak to Average Power Ratio

A major disadvantage of the OFDBYystems is the high peas-average power ratio
(PAPR ) that is inherent in the transmitted signal. Large signal peedswhen thesignals in the
N subcarriers add constructively in phase. Such large signal peaks may saturate the power amplifier
at the transmitteand, thus, cause intermodulation distortion in the transmitted sigigall.10
shows how a higpeakis obtained by adding four sinusoidal signals with different frequencies but
with same phase shiftthen when the different subcarriers have high peaks aligned at tee sam

time, this resultén an instantaneous increment of energy that goes to the input of thed8@dg

16



1. COHERENTOPTICAL ORTHOGONAL FREQUENCYDIVISION MULTIPLEXING SYSTEM

HighPeak |._._.

Amplitude

0 0.2 04 06 0.8 1
Time x 107

Fig. 1.10High peak resulting from the sum of sinusoidal sigrfaggure taken from\Vare
11].

it into thesaturation regionas shown irFig. 1.11
The lowpass equivalent OFDBignalx(t) has a PAPRIefined as the ratio between the
maximum instantaneous power and its average power
max hx(t)|2J

PAPRx(t)] = O¢t¢N; (1-5)

av

wherePa,y is the average power of(t) and it can b computed in the frequency domain because
OFDM is modulated usingFFT, which is a scaled unitary transformatioN,is the number of

subcarrier@ndT is the symbol perioth the single carrier systefdiang08].

1.5. Reduction Methods for PAPR

As mentioned earlier, a high PARRves into saturation the SOGA an OFDMtransmitter
producing nonlinearities in the output signal. One solusaio reduce the average power of the
signal, but the performance of the amplificatisralso reduced. The most useful technique is to
maintain the SOA working with a good performance, high output power, but reducing the power
peaks of the signaRahmatllah-13].

The literature presentsany PAPRreduction techniques published since ligh PAPR
problem was detected. Thewehniques can be classified in three main categasageshown in
Fig. 1.12. Signal Distortion techniques, with special emphasis in the companelhgiques,
which have good results in PAPR reduction with low B&#f a lowcomputationatomplexity;

Multiple Signaling and Probdlstic techniques and Coding techniques, which present a low
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performance in terms of BER and high computational complexity.

1.5.1 Coding Techniques

As mentioned in Sectioh.2, coding is part ofhe first functionablock in OFDMsystem,
the main purpose being data protection and correction. The basic idea in aistdiregluce the
occurrence of the same phase of the sjgmlich is the maircause of high PAPKseeFig. 1.10).
Simple block coding techniquesapping thedata and add bits to create a code wonleduce the
probability to gethigh PAPR[Jiang08]. In example linear block coding techniquediminates
thecode words with a high probdiby to present a high PAPRNd, aher coding technigueaorks
with phase adjustment, multiplying the code words by a phase adjustment vector, and selecting the
code words with the lowest PARR be transmittefRahmaallah-13].

1.5.2 Multiple Signaling and Probabilistic Techniques

These techniques work in one of two ways. The first one is the selective mapping, which
generates multiple permutations of the OFBiginal and transmits the a@avord with minimum
PAPR The other way is to modify the OFDM signal by introducing phase shifts, adding peak

reduction carriers, or changing constellation points. The modification parameters are optimized to
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Fig.1.12 Taxonomy of PAPR reduction techniqu@ahmatallakL3].

minimize PAPR.

a)

b)

Selective MappingSelective mappingSLM) is a relatively simple approach to
reduce PAPRIt generates a set of sufficientlyfférent OFDMsymbols, each of
length N, all representing the same information as the origifaDM symbolx,

then it transmits the one with the least PAPR. Information about the selected phase
sequence should be transmitted to the receageside information to allow the
recovery of the original symbol sequence at the receivechwieduces the data
transmission rateJjang08§].

Partial Transmit Sequence: In partial transmit sequéPtg), an input data block

of lengthN is partitioned into a number of disjoint sblocks. The IFT for each

of these sulblocks is computed separately and then weighted by a phase factor.
The phase factors are selected in such a way as to minimize the &6fAR&
combined signal of all the stiidocks. The process of selecting the optinpimse

factors is usually limited to a finite number of elements to reduce search complexity

19



1. COHERENTOPTICAL ORTHOGONAL FREQUENCYDIVISION MULTIPLEXING SYSTEM

magnitud

©
-
T

Companded
o o
N

©
[
T

o
©
T

o o o
o o ©
T T T

©
w

=

»~
T

o

NLAGT
LAST ey
————— NLST T 2
7 Paa
o/ ”
¢/¢‘
-
-
f’,o/
-
f’ -
- ”
’f -
01 02 03 04 05 06 07 08 09 1
Original magni tude si

Fig.1.13Companding techniquesd their curves respongeahmatallaki 3].

[Louét0§].

1.5.3 Signal Distortions Techniques

These techniques introduce a distortion into the transmission signal before the

amplification process. laddition, they can be classified in clippiagd filtering, peak windowing

and peak cancellatio®ne of their characteristics is that the peaks are removed from tlag sign

but the drawbdcis an increase in the BER brief description about the most common signal

distortion techniques follows.

a) Clipping and filtering: This method use clipper that limits the high peaks of the

b)

OFDM signal envelpe to a predetermined clippingvel (CL) if the signal exceeds

that level; otherwise, the clipper passes the signal to itjieRéwer Amplifier without

changeThis introduces ifband distortiorand outband distortion. Fiéring the cliped

OFDM signal can preserve the spectral efficiency by eliminating thefoband

distortionand, hence, improving the BEsrformancebut it can lead to peak power

regrowth.

Peak windowing: Thegak windowindimits such high peaks by multiplying them by

a weighting function called a window function. Many window functions can be used in

this process as long as they have good spectral properties, and they reduce tha distortio
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as comparewith clippingand filtering.

Peak cancellation: A peak cancellatimaveform is appropriately generated, scaled,
shifted and subtracted from the OFBMdnal at those segments that extilgh peaks.

Peak cancellation can be carried out after the IFFT block of the OFDM transmitter
While performing the peak cancellation process, care should be taken to not create new
peaks

Companding Transforms: Companditignsforms are typicallyapplied to speech
signals to optimize the required number of bits per sample. O&idVspeech signals
behave similarly, and these techniques have a relatively low computational complexity
as compared to other PAR&duction techmjues. In this case compandicgmplexity

is not affected by the number of subcarriers. Companding transforms can be generally
classified into four classes: linear symmetrical transfft®iT), linear dymmetrical
transform (LAST), nonlinear symmetrical transforr{NLST), and nonlinear
asymmetrical transforrfNLAST). Fig. 1.13 depicts the profiles of these four classes
[Jiang08]. The NLAST increases the mean power and reduces theposad, and,

consequently, reduces PAPR.

1.6. SOA based COOFDM Simulation Platform

In this section, we present a coherent optical orthogonal frequency division multiplexing

(CO-OFDM) simulation system, aiming to analyze the main steps of the proposed simulation
method.CO-OFDM is a weltestablished multicarrienodulation format capablef transmitting
at high data rates. GOFDM has been positioned as axcellentoption for the next generation

of long-haul optical network§Agrell-16].

While it is true that there are sevecalmmercially availablsoftware tools that allow the

simulation of optical networks, such as OptiSysfemve considered that would be moe

convenient to developlaw-cost fully customizableool focused on th&OA amplification

1 OptiSystem14.2.0, Optiwave System IntCapella CourBuite 3000ttawa, ON, Canad&2E 8A7.
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Fig. 1.14 SOA-based CADFDM co-simulation system. Digital signal processing has been
implemented in MATLAB, and the SOA simulator is developed in ADS. Ideal
coherent detection has been considered

We explain inthis work the CGOFDM simulation execution process through flowcharts
and numerical simulation$his simulation platformvasinitially developedo test the CEGDFDM
system performance when it is dified by a semiconductor optical amplifier (SPBhaleght
13]. This included the testing of compandimethods pAzou-15], and digital predistortiono
alleviate the nonlinear effects due to the S€xfuration Bejan15], [Younes17].

The proposed simulation platforhas been built in MatlZbsoftware Although Matlab
offersexcellert flexibility to performdigital signal processin¢DSP), it hadimited features fo
simulatingthe amplification process bgn SOA To copewith these limitations, ousimulation
platform uses an interface with the specialized electronic design software Advanced Design
System(ADS)3. Then, a cesimulation in ADS was implementedrig. 1.14 shows the SOA based
CO-OFDM system block diagram, remarking the corresponding Matlab functions (with bold
italics and dotted sublocks) to relate theseriations with the C&DFDM signal procesag block.

It is important to remark thain the current research worlkie are evaluating the GO

2 MATLAB, Version 9.50.944444 The Math Works, Inc., 3 Apple Hill iive, Natick MA 017662098, 2018
3 Advanced Design Systef016, KeysightTechnologies, Sanf@osa CA, United States, 261
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co_ofdmm \
/ sim_coofdmm

processoa_output
_signal.m

_%
mz_mod_ig.m

Fig. 1.15CO-OFDM simulation execution structure in Matlab. The simulation platform is
composed by eight main Matlab functions and one SOA log file to interact with
ADS software where the SOdmplification is simulated

laser.m

OFDM link as a back to back transmission, discarding channel impairnamtonsideringn
ideal receiverAlso, thissimulation systemwvorks with a seddeveloped SOAnodel[Morel-09],
which has been fitted to simulate a commercially available bulke@bldng SOA (INPHENIX
IPSAD1501).For the purposes of system simulation, the SOA model acts as a black box, that is,

it is a device that is not modified in the pess.

1.6.1 SOA based COOFDM Simulation Platform Functionality

The aim of this sewmn is to show how the simulation platformorks in terms ofits
functional structureThe execution structure of the Matldbnction files is shown irFig. 1.15,
wherethe Matlab function named as-ofdm.mis the main functionThus, itshould be run first
andthe otherMatlab functionsare invoked accordingly tassesshe transmission and reception
link performanceAs mentioned beforghe SO\ based CEGOFDM simulator works as a €o
simulation systemThe CO-OFDM transmitterand receiveare processed in Matlglwhile ADS
computes the amplification response of the SBach Matlab function and their most important

subsections are described in thedaling subsections.
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1.6.1.1 Main CO-OFDM Function co_ofdm.m

CO-OFDM main function performs the entire simulation process. The flowchart that
describeso-ofdm.m execution task is depicted ng. 1.16.

First of all, the user sets up the principal modulation parameters, such as data subcarrier
number Nsg, SOAbias currentlqc), basebath modulatorQAM or PSK, modulation order (can
be set up at 4, 182, or even64 states), electrical bandwidtbversamplingactor, amplified
spontameous emissiofASE) noise. Those parameters feed the inputs ofOFDM transmitter
function named asim_coofdm.m When the number of desired runs is achieved, thelatonu

stops. In the follving subsections, each subprogram is described
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Start
(co_ofdm.m)

Input OFDM
system parameters

No

CO-OFDM
X

¢
sim_coofdm.m Adjust power
em- | | attenuator

SOA
amplification
(SOA.log)

Adjust bias current |—

CO-OFDM TX
(process_SOA _output_signal.m)

Saving results
on .csv file

Increment on
Number of runs

Fig. 1.16 Flowchart of the main C@FDM simulation Matlab function
co-ofdm.m file. It includes input power control bbiranging the
attenuator adjust loop and gain control loop by bias current
adjustment
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Start
(sim_coofdm.m)

Generate
Baseband - -
OFDM signal Opth?J carrier
(tx_ofdm.m) S|gna_l
generation
+ (laser.m)
i i : Optical
PAPR reduction Apply p-law - 10 modulator
Mach Zhender
(mz_mod_ig.m)

Apply > Save signal and
hard clipping parameters
I . . -
v Preparing .tim files for
ADS co-simulation

hard-clipping

DAC converter | |-

Estimation of average
signal power / |
PAPR CCDF

i
O

Fig.1.17The sim_coofdm.m function emulates the -OBDM signal generation and
modulation before amplification prose

1.6.1.2 CO-OFDM Transmitter sim_coofdm.m

In this subprogram, th€O-OFDM transmissioris processed according to the flowchart

depictedin Fig. 1.17. First, the proces$x_ofdm.m generates the OFDM signal. According to
Fig. 1.14, it is possible to apply a peak to average power (&#®PR reduction methodo the
OFDM signal. If this feature is enabled, a compandihaw [Wang99] technique or hard clipping
[RahmatallakL3], or any other PAPR reduction method is processed. After this, a digital to analog

conversion (DAC) is applied to each part of the OFDM ca@xplasebandignal. The modulation
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Start
(tx_ofdm.m)

Load signal
parameters

Randomize
data sequence

Generate random

sequence

Oversampling

!

No

\

OFDM modulation
(IFFT)

Load predefined
data sequence

Load and save
data sequence

!

Parallel to serial

- Y

Cyclic prefix
added

PSK modulation

Save OFDM
signal 1&Q

End

QAM modulation

\/

Serial to parallel
conversion

'

O

Fig. 1.18 TransmittedOFDM signal generation flowchart. Digl baseband modulation
can be selected QAM or PSK at different order modulation level (4, 16432

process is then performed accordioghel/Q Mach-Zehnder modulatofseeSectionl.2.2.
The operating details of each block within this subprogaaeexplained, followinghe

flow shown inFig. 1.17:
a) OFDM Modulator tx_ofdm.m This functiongenerates the electrical OFDM baseband

signal. The input bit stream sequence can be generated randomly, oratloadds from
a previously selected file. Digital baseband modulation format Q@AMSK at different
constellation sizes, 4, 182, 0r 64, is executed here. After shithe OFDM modulation is
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b)

d)

implemented through IFFT operation, as showRig 1.18.

Digital to analogconverter dac.m The DAC execution process is depiciadrig. 1.19.

This process is applied for each part of the OF&dvhplex basebahsignal, as shown in

Fig. 1.14. The DAC function uses @aniform quantizatiormethod.After that, yp-sampling

and lowpass filter is processed to emulate the analog signal conversionDASs
function also computegquantizdion error mean and standard deviation; these features are
useful to assess the DAC performance when otfuantizationmethods or different
sampling rates are tested.

Mach Zehnder modulator mz_mod_igq.m This pocess implements aneetro-optical
conversionfunction based on the IQlach Zehnder modulatdtQ-MZM) model [Shieh

10]. IQ-MZM is a planar waveguide used amadiofrequencyo optical (RTO)passband
modulator §eeFig. 1.5).

Carrierlaser laser.m This function provides a laser lightwave signal used as a local laser,
since the IQMZM (seeFig. 1.14) requires a laseo generate the optical carri€sHieh

10]. Here, the laser lightwave simulation is carried out by using:

s = /P, expljuet) (1-6)
wherePs is the laser power andy = \2is the anglar frequency, and is the frequency
of lightin Hertz[Barry-90].
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Start
DAC converter
(DAC.m)

Load input DAC
parameters

Quantization

Y

Upsampling and
filtering

Y

Output analog
signal

Y

End

\

Fig. 1.19Digital to analog converter (DAC) diagraftdniform quantization, upsampling
and filtering & used to emulate the analog signal conversion process

1.6.1.3 SOAModel

The ADSSOA modelrelies on the carrier densitate and propagation equatsof the
optical signal field and the intensity of the amplified spontaneous emissions (ASE) noise. SOA
model is based on Bulk 750n long SOA This model uses a generalized time domain transfer
matrix model(TDTMM). It wasoriginally developed in [More09], and ithasbeenproved to be
highly effective in various problemsydluding all optical RF mixer design based on crgas
modulationin a SOA [Bohémond 1], coherent optical OFDMignal amplification via SOA
[Khaleght13] or RSOA based IM/DD OFDM transmiseifHamzel5]. More specifically, in the
latter work, the intesity modulation of the CW optical signal from the laser source is achieved by

varying the amplifier current with the OFDM signal to be transmitted (an adaptivat being
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Start
(process_soa_output_soa.m)

/
Read output files
from SOA
simulation
(.tim files)

Carrier density
calculations
Decompanding? Yes—p UI-law decompanding
Add_ ASE No NS
noise? | *
Yes Sinchronization
Phase adjust <
v Gain control
Adding ASE noise
OFDM

demodulation

Y (rx_ofdm.m)
Adding coupling B *

losses at SOA output Computing EVM and

* BER

Computing output \J
power and SOA Gain

Y

Low pass filter End

Plotting results

Fig.1.20CO-OFDM receiver function named as process_soa_output_signal.m.
processes the SOdmulation file from Keysight ADS.

eventually used depending on the transmission quality observed on the various subcarriers). Also,
the XGM effect in the SOA is used fachievinga wavelengticonversion for the IMOFDM

signal. A comparison between numericadults and measurements is also conducted. Overall, a
good agreement is noticed which reveals that our SOA ncadatealistically reflect the amplifier
behavior under high speed bias curreatiation. Furthermore the implementatio of this SOA

model is done under an equivalent circuit, which permits to perform several types of calculations
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Start
(rx_ofdm.m)
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demodulation
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Digital
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* data sequence [
\
End

Fig.1.21 OFDM demodulation process rx_ofdm.m runs into the
process_soa_output_signal.m function. Transmission inverse actions are
computed to recover the original signal

(DC, AC, transient). SOAmodel has been testedshowing similar simulated results versus

experimental resultKhaleght13].

1.6.1.4 CO-OFDM Receiverprocess_SOAoutput_signal.m

In the receivesimulation, shown ifrig. 1.20, inverse actions of the transmitteave been
configured insuch a way that the transmitted sigrear@covered and analyzed, calculating the
system performance. Specifically, amplification losses have been added at thm@®And
output as well as ASE noise at the received signal. Likewise, danisiadered an ideal coherent
detectionand a perfect compensation of the laser phase noise. Power control and phase shift
correction due to amplification in SOA are adjusted at the SOA output. Synchronization is
performed by a cs-correlation, using the pilot symbol@ed in the transmitted frame.

A customizedfunction rx_ofdm.m is used to develop OFDMemodulation and digital

demodulation. Its process flowchart is shawifrig. 1.21.
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TABLE 1.3. CO-OFDM SIMULATOR SETUP

Simulator feature

Configuration

baseband modulation format
electrical baseband bandwidth
number of symbols (QAM/PSK)
data subcarriers
null subcarriers
oversampling factor
cyclic prefix lengh ratio
data rate
time symbol
sampling time
SOA biascurrent
SOA gain

4-QAM
5 GHz
211
128
384
4
1/8
8.88 Gbps
25.6 ns
50ps
150 mA
15 dB

1.6.2 CO-OFDM Simulation Process

In this section, we explain the simulation process and show a numerical assessment for one

CO-OFDM signal across the whole optical linkablel.3 shows the setup parameters for the-CO

OFDM simulation system.

The first step in creating the OFD8ignal, is to generate randomly th€ 2-QAM data

which was defined by the modulation order. This is aldobk of hetx_ofdm.mfunction shown

in Fig. 1.14. After that, the serial ©DAM data symbols are distributed among the 128 data

subcarriers in parallel. Then, an oversampliagtor (0os) of4 multiplies thenumber of data

subcarriers to determine the toldc In that case, 384 null subcarriers are inserted in the middle

of each array of QAM symbols to complete 512 total subcarriers, as shoviignl.22 at the

left side of the OFDM basebamdodulator

The OFDM basebandnodulatoruses IFFT operations to modulate eacAM data

symbol. Its output is the@Ww-pass signal, in a matrix of complex symbols per subcaFigr1.22

shows that 4 OFDM symbols have been generated.

Now, the electrical bandwidifBW) value (5 GHz, in our emple) is used to estimate the
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OFDM OFDM OFDM OFDM
symbol 1 symbol 2 symbol 3 symbol 4
— 10 10 10 —»[ 01229 0.5980i | -0.7920 + 0.1143 0.0331 + 0.0482 0.0049 + 0.4670
11 11 11 —— | .0.1562-0.5684i -0.4614 + 0.1653 0.0800-0.1728i -0.2415 + 0.4695
01 01 01 ——> | .0.3702-0.3794i 0.0461+0.1359 0.2118-0.2818i -0.4470 + 0.3318
11 11 11 ——> | .0.4237-0.1287i 0.6008 + 0.0519 0.3018-0.3105i -0.5301 + 0.059
00 00 00 ——>0.2801 + 0.0686 1.0511-0.0300i 0.3017-0.3204i  -0.4836-0.3012i
11 11 11 ——> | 0.0208+ 01397 1.2846-0.0513i 0.2053-0.3622i  -0.3697-0.6742i a
00 00 00 —»0.3764+ 00873 1.2727 + 0.0129 0.0575-0.4475i  -0.2712-0.9682i [N)
00 00 00 > 0.6608-0.0191i 1.0773 +0.1353 -0.0631- 0.5466i  -0.2334- 1.1058i o
00 00 00 —— | 0.7750-0.0873i 0.8142 + 0.2439 -0.0807- 0.6102i -0.2297- 1.0496i o
» 00 00 00 — > 0.6854-0.0564i 0.5947 + 0.2560 0.0392-0.6019i  -0.1759-0.8188i 3
5 00 00 00 > 0.4357+ 0.0689 0.4733 + 0.1228 0.2670-05216i 0.0147-0.4885i °
= 00 00 00 —» | 0.1274+ 02222 0.4301-0.1392i 0.5147-0.4071i 0.3662-0.1679i )
= 00 00 00 =UNS =2y \IB) ——> -0.1219 + 0.313C 0.3938-0.4471i 0.6695-0.3139i 0.8053 + 0.0347 m
3] 00 00 00 ———>0.2241+ 02773 0.2922-0.6849i 0.6412-0.2856i 1.1799 + 0.0515 <
n [ORANA) W W w w W w (”:FT) — [AYAYS) [AYAYS) [AYAYS) [AYAYS) 8-
N W ww W ww W W w — Www Www Www Www (T
o 00 00 00 A B S B NRIO > 05118 043551 -0.4504-0.0449i -0.7691-0.5420i 0.0919-0.8702i
o 00 00 00 5| 0.6046-0.4162i -0.4249 + 0.1897 -0.9167-0.5149i -0.4252-0.8394i 3
00 00 00 —»| 0.5688-0.3010i -0.2039 + 0.276¢ -0.8424- 0.4381i -0.6830-0.5978i =
00 00 00 —» | 0.4391-0.1560i -0.1543 + 0.221F -0.6021- 0.3414i -0.6118-0.2144i @)
00 00 00 ———> | 0.2806-0.0446i -0.0916 + 0.0921 -0.3111- 0.2467i -0.2749 + 01877 T
00 00 00 — > 0.1567 + 0.0028 -0.1409- 0.0219i -0.0957-0.1529i 0.1693 + 0.4773 9
00 00 00 — % 0.1027-0.0033i -0.2669- 0.0629i -0.0417-0.0375i 0.5453 + 0.5647 <
01 11 10 0.1137-0.0276i -0.3862-0.0373i -0.1603 + 0.1246 0.7392 + 0.4363 2
10 01 10 0.1517-0.0357i -0.4178-0.0104i -0.3857 + 0.3356 0.7385 + 0.1596 5
11 10 11 0.1694-0.0146i -0.3343-0.0647i -0.6060 + 0.5598 0.6190-0.1429] =
10 01 11 01359 + 0.0268 -0.1831-0.2451i -0.7120 + 0.7297 0.4906-0.3428i o
10 11 10 0.0559 + 0.0727 -0.0620-0.5215i -0.6460 + 0.7738 0.4353-0.3560i =
L 11 10 00 -0.0307 + 0.1200 -0.0631- 0.7907i -0.4277 + 0.6524 0.4695-01771i

Fig. 1.22 OFDM symbol arrangement for 512 subcarriers input and output for orthogonal
baseband modulation. Each OFDM symbol arrangement contains 128 data
subcarriers and 384 null subcarriers added with centered zero padding

PSD, OFDM base band signal, 4-QAM, Nsc=128)
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Fig. 1.23Power spectrum density (PSD) of baseband modulated OFDQMls The
OFDM electrical bandwidth has beemcieased by oversampling to prevent
spectral spreading, from 5 GHz to 20 GHz

useful tme duration of an OFDMsymbol {Tu) where Tu = (1BW)(NsgQ = 22.5 ns before
oversamplingand guard interval. The sampling periotc) per each QAM data symbol is

defined byTc=Tu((0os)(NsqQ) =50 ps, after the null subcarriers have been inserted. We can notice
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Fig.1.240ne COOFDM symbol with guad interval (square dot dash section) mei
domain. Guard interval is a portion of the OFDM symbol end placed at the
beginning to prevent ISI. Guard interval method used is cyclic prefix

CO-OFDM frame, formed by 4 CO-OFDM symbols,Nsc=512, CP added with 1/8 length extension.
T

2.5 \ | T {
2 cp cP2 CcP3 CcP4 7
CO-OFDM SYMBQL 1 \ ] CO-OFDM SYMBOL 2 CO-OFDM SYMBOL 3| \ ’ CO-OFDM SYMBOL 4,
S 15 .
2
s
E 4L
<
0.5 0
0 | | |
0 0.2 0.4 0.6 0.8 1
Time (sec) <1077

Fig.1.250ne COOFDM frame with 2304 data symols, allocéed in 4 CGOFDM
symbols. The sampling period is 50 ps per data symbols. Original BW 5GHz
with an oversampling factor of 4

that oversamplig increases proportionally to the original electrical bandwBthfrom 5 GHz to
20 GHz toavoid spectral spreading, as confirmedFig. 1.23.

Once the IFFT basebanchodulationis done, guard imrval is inserted to prevent
intersymbol interference (ISI). The guard interval method used is cyclic prefix (CRY.h24,
CPis one eight of théFFT size andwe finally have 576 complex symbols after CPention per
each OFDMsymbol. CP increases the useful OFDM symbol duratiosymb= Tu + Tg=
57650 ps= 28800ps whereTgis the guard interval timéefined asTg= Tc*CP*Nsc(seeFig.
1.24.
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6 PDF p-law and CO-OFDM original, 4-QAM, Nsc=128

CO-OFDM original
u-law p=4

0 0.25 0.5 0.75 1
Normalized amplitude

Fig.1.26 PDF e-law and COGOFDM original signal.e-law works compressing large
amplitudes signal and enlarging small ones.

80 T T T T T
—4— Original CO-OFDM

e p-law =2

60 - =——&— Hard clipping cr = 6 dB

@+ Hard clipping cr = 6 dB,Exp data [Khaleghi-13]

20 [

-35 -30 -25 -20 -15 -10 -5
Input power (dBm)

Fig. 1.27 EVM versus input powdor different simulations; PAPR reduction methods has
been simlated. Simulations shows good agreement with experimental data
obtained in Khaleghi13].

Oncethe OFDM symbolis produced, it is convertddbm parallel to serial, forming a GO

OFDM frame as shown ifig. 1.25. This corresponds to the output of thxe ofdm.m function.

The firstCO-OFDM symbol is used as a pilot symbol for synchronization at the receiver

The COOFDM signal is processed in our simulation platfobby a PAPRreduction

technique, named as comparg] as shown irFFig. 1.14. This operation applies a transforming

function to the basebandignal, changng the statistical amplitude distribution toitigate any

harmful ronlinear effects at the received sigrduie to the presence of high peaks of amplitude at
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Fig. .29 AM/AM for a CO-OFDM with a 5 GHz of electrical baseband bandwidth. Input
power of- 15 dBm and SOA gain at 15 dB

the SOAinput Fig. 1.26 shows theorobability deasity function PDF) of a CGOFDM signaland
its compandedorm by usinge-law. In Chapter2 it is briefly explaned the theory of some
companding methods.

After compandingthe IQMZM generates theomplexopticalpassbandignal[Shieh10]
(seeFig. 1.14andFig. 1.17). This signal is fedo the ADSco-simulator for the SOAamplification
procesghrough aime domain waveform data file

As mentioned before, amplification processulationis made irkKeysight ADS software.
ADS provides two files as output, corresponding to the real and the imaginary angaifgtex
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OFDM system input powerl5dBm. SOAgainat 15 dB

optical signal. As weconsider perfeatoherent detectiqrit is notnecessaryo simulate a particular
kind of receiver Nevertheless, we consider the additioA8E noise

The performance assessmeftthe processs computed by the EVMNISchmogrow12],
which is a measure of how accurately the digital modulated ((PAY) symbols are transmitted
within its constellationFig. 1.27 shows an example of EVM results foree different companding
methods. On the other hand, thieerror rate (BER the number of bit errors that occur for aegi
number of bits transmitteds also provided as a measurepefformance, mexample is showmi
Fig. 1.28

Also, our simulation platforrsomputes the nonlinear behavior and the memory effects on
SOA by plotting the input amplitude to output amplitude (AM/ABRNd inputamplitude to output
phase (AM/PM) on SOA. Aan exampleFig. 1.29 showsthat for aSOA input power of 15
dBm, the AM/AM characteristicarenot linear when the input amplitude is increasaélewise,
AM/PM measues the amount of undesired phase deviation that is caused by amplitude variations
of the systen{seeFig. 1.30). In bothFig. 1.29 andFig. 1.30, it is shown the results comparing a
companded signal (hard clippingersus the original signal. It is clear that, for the hard clipping
case, as more scattered points appear, more memocysedfe presentue to the compaling
distortion Finally, & the end of the simulation process a csv file is saved with key results data,
such as output power, SOA gaiBVM, BER, outputpower, and more variables which can be

erabled by the user.
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1.7. Conclusions

OFDM has a promising future ioptical communications systemsriceit is attractive to
search for novel techniques that increase performance, reduce PARR thus prevent
nonlinearities in optial power amplifiers OFA and SQAecause of the low manufacturing cost
of SOA compared to other technologies, they are in good position to grow up in the optical
networks systems.

Related to PAPReduction, the nonlinear compandimgthods exhibit a good performance
in terms oflow BERwith a low computational complexity to be implement&His opens up new
possibilities for research in novel techniquessed on improving the properties of nonlinear
compmandingtechniques.

A SOA based CGOFDM simulation platformfunctionality has been explained in this

chapter Our simulatiorresults show a good fit with experimental dateaoi®d in Khaleght13].
In addition, he proposed simulation platform has flexible features due to its functional blocks
structure. These features allow setting up by the user dfghemission characteristics of the
signal: modulatia type (QAMor PSK), modulation order (4, 16 and more), number of subcarriers,
cyclic prefix length, even high BW. The proposed simulation platform also allows to enable or
disable differentompandingand linearizatiormethods, and the user can even add more features
to the flexibility given by Matlalzoding. A general performance evaluation is included, measuring
EVM and BER as well as other figures of merit stech AM/AM and AM/PM.

The proposed simulation platforinas become into an essential tool for our research on the

effects of the amplification of C@FDM signals through an SOAnd for the evaluation of

diff erent techniques to Iimprove systembs perfor
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2. Companding Techniques to Reduce Nonlinearities
In Orthogonal Frequency Division Multiplexing
Systems

As mentioned irsectionl.4, the relative high peak to average powatia (PAPR is the
cause ofsignal distortion and nonlinearities in OFDivansmissionWithin the whole range of
PAPR reduction techniques pented in [Jiag-08], nonlinear compandingransform (NCT)
techniques are the most effective and easy to implement in terms of computational complexity
Thecompress OFDM signals at the transmitter and expand themrattieer[Jiang08]. In this
chapter a brief review of different compandingransformsis illustrated Also theWangds NCT
(WNCT) [Wangl3] is presented with the advagt&of reducing PAPR without increasing the
power average in a GOFDM signal Different optimizationmethods are applied for WNCT,
over a wide range of input poveasn a SOA basedCO-OFDM systan. Subsequentlya nonlinear
regression functiors computedo estimate the optimal companding parameter values depending

on the power input average $0OA used as a booster in €0FDM system.

2.1. Companding Techniques
Within the whole range @ APRreduction techniques presentedinapterl, companding

transform (CT) techniques are the most effective and easy to implantemhs of computational

complexity. Basicall, CT techniques compresses OFDBIgnals at the transmittand expands
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Fig.2.1 Transform profiles of the fougeneral companding transform classes. Figure
taken from Huang04].

them at the receivgWang12]. These techniques use the statistical amplitude distribution of
OFDM signals to choostne transformatiorparameters. The companding transform is an extra
operation after the modulation of OFDM signals, thus CT schemes reduce PAPR at the expense
of generating companding distortion. Hence, it is important for the design of a CT technique to
minimize the impaciof companding distortion on the bit error rate (BEberformance. By
properly choosing transform parameters, CT techniques can achieve a goadftoatween BER
performance and PAPR reductidtiuf14].

Companlers can be divideth four types of transforms: linear symmetrical transform
(LST), linear asymmetrical transfori.AST), nonlinear symmetrical transfor@NLST), and
nonlinear asymmetrical transfoifNLAST). Fig. 2.1 shows the compandirtgansform profiles of
these categories as a graphicahtieh between the amplitudes of the original input signalnd
the companded output sigrige. Each CT method will be described in the next subsections, with
emphasis in nonlinear companditiginsform (NCT), which have been recently studied for
deployment in optical systeanbased on Coherent OFDiodulation[Azou-15]. Basically, the
optimizationmethod estimates ¢hoptimal compandingarameter valuesandk;, in terms of the

minimumEVM whenthe power input (Pin) is16dBm.
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Output amplitude i

Input amplitude ;
Fig.2.2 Transformprofile of amplitude input and output in TPWC compared with LAST.

TPWC has two different slopes defined by ul for low amplitudes and u2 for high
amplitudes. Figure taken fronydng11].

2.1.1 Linear Symmetrical Transform

The linear symmetrical traftgm (LST) is the most basic CT. LST is a simple scaling of
the input signal by using a slope equation, as shown below by

s =al; +bGyls)) (2-1)
wherei is the original signals;j is the companded signal) ¢ a ¢ 1 is the slope parameter,

0 ¢ b ¢ Ais the offset parameter, addis the maximum pea@mplitude value as shown Fig.

2.1 [Huang04]. The drawback in LST is the low power efficiertzy increasing power average.

2.1.2 Linear Asymmetrical Transform

The opposite metbd to LST is the linear asymmetrical transfoflthST); it works with
large and smbamplitudes divided by a cutoff poitt. Usually 0 takes the average amplitude
signal value but it can begreatey in order to control the compression lev&he companding

transform is defined by a linear piecewise function with two different slopes given by
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where the amplitude signd, is compressed by using different scaleand 1/u [Huang04].

Therefore, the transform profile has a linear asytnicad shape, as shown kig. 2.1.
An additional LAST scheme is presented Mapgll], named as two piecewise
compandingtransform (TPWC). The TPWC has two diffet scale factar, 6p, 0¢, the cutoff

point isO , and0 is a shift value defined ag =(ul-u2)M. TPWC function is given by

_& uds[Bon(s,) [s[¢M
i (U205 +w)Ganls,) [s,|>M

In TPWC the amplitude values belo|\ﬁﬁ| ¢ M are muliplied by ul and the amplitude

Sh = (2-3)

values greater tha|5n| > M are multiplied byul but also shifted byv. The cutoff point is selected

asM = y/(ui- u2), withw 1. The resulting transform profile is shownFig. 2.2 [Yang-11].

2.1.3 Nonlinear Symmetrical Transform

The nonlinear symmetrical transfoidLST) is another compandirsgheme that changes
the OFDMsignalby increasing the low amplitude values and reducing the high amplitude values
[Senll], asshown inFig. 2.1. The NLST function consists in two curves defined by a nonlinear

piecewise faction
sgn(sn)Oﬁln% CPSn|o |s,| ¢ M

sgn(sn)d*-e SNl u)eg, + Gots,)- emaols) [5)>v

——->-> ®:

Sh = (2-4)

—) —)

where the signal is amplified whesy| ¢ M and it is compressed whésy| > M . The companding
parameters are >0 and O<v ¢ A- M, whereM is the inflexion point and\ is the peak
amplitude of S,. NLST transform profile has a symmetrical distribution with respect to the

inflexion pointd , as shown irFig. 2.1.
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Fig.2.3 Wang NLAST transform profiles with different values of companding

parameters and k,, for controlling the PAPR reduction. Figutaken from
[Wang13].

2.1.4 Nonlinear Asymmetrical Transforms

The nonlinear compandingpproaches can be presented also as a nonlinear asymmetrical
transform(NLAST), where the transform profile has an asymmetrical shape, as shdedunt
04]. The first nonlinear compandirigansform is thgi-law. Thep-law belongs tdhe NLAST. It
works compressing large signals and enlarging small ones, with the drawback of increasing the
average power of the transmitted signétifng04]. The* -law is given by

. A 2, . M 0
i =S O—In%+— 0 2-
S =s018) G @+ ls[0 (2-5)
wherep is the compandingarameter and is the maximum absolute value of the amplitude signal
Sh-

Also, several NLAST methods have begmoposed, e.gexponentiacompanding(EC).
EC works by keeping the same average power as that one of the originalasidrsignificantly

less impact on the original power spectrum comparingeq-law. Large and small signals can
keep the average power at the same |ghtaig-05]. The EC is given by
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a
s, =sgn(s,)@ aa§+e aeu
¢ S

whereUis a positive value to keep constant the average pddisrihe average signal power, and

(2-6)

-1'-'8‘ 23

d is the nonlineacompandingparameter.

Another NLAST is presentad [Wang13]and it is expressed as a piecewise functior. Th
Wang nonlinear ompandingtransform (WNCT) proposes to modify the statistics of the
amplitude, defined by using its PDF, as a refeeeto select the companding parameter values.

The companding function is given by

€ & 4538
| 2 X2 Sl 00
- 'c o
RENPRTE 4 s 8 =7
15gn(s, ) ok, - kyJotD + (kz-kl)k1c2c>2+zkzz- op® 22005 [si/>M
’[ kZ& *® s =0
i c ¢ c e

whereki, k2 andc (0 <c < 1) are the compandingarametersM = s(— In(l- (k,/2) &® C]Z)Z))y2
is the inflexion point, and (D > 0) is the cutoff point on the transforming profile. Different
transformingprofiles are illustrated ifig. 2.3.

The correct choice of the compandayameters values is very important in order to avoid
companding distortion at the output signal. Because of this fiareef designof WangNLAST
has been proposed [iAzou-15] by using global optimizatioand a genetic algorithnin order to

find the optimal companding parameters.

2.2. Techniquesin Non-Linear Asymmetrical Transforms

Recently, effective companders have been designed by modification of the signal
amplitude distribution with nonlinear asymmetrical transfqmofiles [del Marce14], [Hu-14)],
[Jengll]. Comparedo other CT techniques, these NLAST approaches provide less companding
distortion, more degrees of freedom to choose the optimal companding parameters, and good
tradeof between BERand PAPRreduction. ThisSection presents some new CT techniques with
focus on the nonlinear asymmetrical transform and a brief explanation of their companding

parameters
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Fig.2.4 PEC transform profiles with different values of comgiag parameters and EC
techniqueFigure takerirom [Hu-14].

2.2.1 Piecewise Exponential Companding

The Piecewis&xponential Compandin@PEC) is a NLAST scheme based on the EC and
TPWC schemes. PEC transforms the small and large signals differently, changing the distribution
of the lrge signals into an exponential distribatiby using

S |3/ ¢ M

1 -} 2 2 2 ~(1/d) _
sor(s B - at)erp 7Nt g g o &9

where & is the variance of, M is the cutoffpoint, thelinear and nonlineacompanding

parametes A; andd, respectivelygive moreflexibility to achieve a higher PAPReduction level

D:

31]:

—) ——)

than WangNLAST [Hu-14]. Some transform profiles of the PEC with different values of

companding parameters are shawirig. 2.4.
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Fig.2.5 Del Marco NLAST transform profile. The companding parameter ¢ controls the
grade of signal compressidrigure takerfrom [del Marcel4].

2.2.2 Del Marco Family of Companders

A different NLAST ispresented in [del Maret4]. This transform function generalizes the
piecewise amplitude distribution modification approach to a coagradesign by defining a
family of closedform companders. This technique is also named inverse square root (ISQR). The

commpandingfunction uses the appropriate values foe, and), given the initial poiniM = cA,

e S [Sn| & M
| o ..2
id \sn\z 0
s =son(s)i 23/1- e s’ -d-ed (2-9)
Tee a 0 [sif>M
1 8
¢ -

whereU, b, e, andii denote, respectively, argumesttaling, argument translation, and ordinate
translation parameters. In additianis the compandingarameter and is theexpectation value
of s». The transform profile is shown Kig. 2.5.

This compandingransform provides solutions over regions of the operating conditions
space where other modern compandersdadlxist. In fact, by tolerating more PARRprovides

lower demodulation errors and better-otdband power rejection.
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Fig.2.6 Transform profiles of the Trapezium CT adjuste@/®h,, 2/3 h, and compared
to other reference$igure takerfirom [Jengl1].

2.2.3 Trapezium Distribution

In [Jengl]] it is proposed a NLAT to convert the original OFDMsignal into the
trapezium distribution by regulating a governing parameter. The compahdegjon is a
continuous functionThis scheme can achieve a good traffdetween th&ER performance and

PAPRredudion by adjusting the value df, i.e.a = g/h,. Its mathematical expression is
6 & s2 & " LAY & 28,

L b 2 B o) % Sl Gnds) 210

2 s

3-29¢ 3- 299
wherea is used to specify the forms of the trapezium distribufiérg ¢ I/h, , andhy is the upper

si =
h 1- 2q

bound of the proposed lseme.The transforming profile of the proposed scheme is varied by
adjustingdy as shown irfrig. 2.6.
The proposed scheme may offer a more efficient PAdldction or a lower BERhan the

uniformly-distributed EC and piecewise schemes TPWC by varying the paraneter
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2.3. On Nonlinear Companding Optimization over a SOA-
BasedCO-OFDM System

In this section a comparative of optimizatiomethods is presentedto identify which
optimization method is more efficient to find the WNCT optimal parameters that yield minimum
EVM and low computational time. Then, a nonlinear regression nwdppled, which desdbes
the optimal WNCT parameters behavior when changing input p&wetrAdditionally, these
nonlinear regression functiorsse usedo compare the EVM performance of Sased CO

OFDM system using optimal WNCT pangters againgither optimization algorithms.

2.3.1 WNCT Optimization Process

As mentioned before, a first approach to optimize the WNCT parametpresented in
[Azou-15] using a hybrid function in the optimizationethod. The hybrid fustion works with a
genetic algorithn{GA) to allocate a global minimum and then a gradleed method (Matlab
commandfmincon) to find local minima. The resulting optimal valueg a = 0.43k, = - 0.25.
That studywasdonewith our simulator platform (see Sectidrg). EVM is used to evaluate the
reduction of nonlinearities using the optimal values in the $@ged CAOFDM system, amog

a wide input power range.

2.3.1.1 Hybrid Optimization Over a Wide Range of Input Power

Here we use the same hybragproach (GAmincon) and cesimulation system as stated
in [Azow-14]. The main idea is to obtain a set of optimal WNCT paranvetieles ofc andk, over
a wide operation range &%, in a SOAbased CGOFDM system,and not only for on®i, value
as it was the case. In a first experiment, we set up the optimizdgjorithm at largePin values,
from - 29 dBm to- 6 dBm using 24 trial points with 1 dBm per trial interval. The rangB;pf
values covers the linear and nonlinear work region of SOA. We use this set of optimal values, in

the casimulation system to evaluate the reduction of nonlinearitidseiiCQGOFDM system.
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Fig.2.7 Optimal WNCT parametersandk, by the GAfmincon approach. The elapsed
time for all the optimization process was 192 hrs

2.3.1.2 Comparison of Optimization Methods

In theaforementioned experiment we use a gradient based m@hiodon) which is not
efficient in discontinuous problems such as stochastic proBeks([1], as it is the case for the
CO-OFDM signals. For this reasonye explore other optimizatioalgorithms. In a second
experiment, we tried some gradidrgeglobal optimizatioralgorithms included in a typical global
optimization software in orddo find the most consistent result between the computational time

and minimum optimal EVMThe experiment used the saReas in [Azoul4].

2.3.1.3 Pattern Search Over a Wide Range of Input Power

In a third experiment, weonfigure a pattern sear¢RS) optimizatioralgorithm to work
in parallel computing to save computational time in the optimization process.Wéaset up the
search of optimal WNCT parameter for several pawmaut values using 97 trial points, from32

dBm to- 7.5 dBm. Hence, we apply a nonlinear regression modabtain a function which will
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Fig.2.8 Optimized values of WNCT parametecsand k, by using pattern seen
algorithm and nonlinear regression curves. WNCT parametarsd k, have
inverse behaviogis affected for noisy signal at lower input power, Byshows
variability to find the optimikvalues at high input power

be used to emhate the optimal compandingarameters and ko as a function ofPi,. In the

following section we will draw the results of each experiment

2.3.2 Numerical Results

As a result of thepplication of the hybrid approach &fincon we obtained set of
optimal WNCT parameter values ofandk, over an operational wostange of SOA(shown in
Fig. 2.7). The elapsed time for all the optimizatiprocess consumed a lot of comtational time
(around 192 hours). At the final experiment we tested the effectiveness ofttmalolues by
comparing with those obtained by the third experiment using PS algorithm. Regarding the second
experiment, the optimization results are showiiable2.1, where the PS algorithm has the best
relation between elapsed time and minimal EXddnd

In addition, according to the results on the third experiment, shokig.i@.8, the behavior
of c parameter attempts to reach its upper bound Whencreases and presents rgiable results
due to the high presence of noise in the RCO-OFDM signal. The behavior corresponding to
ko (shownFig. 2.8 b)) is stable in the linear region and it tends to decrease in the saturation regime.
The optimal dat for c andk. have an exponential response similar to the logistic growth function.
For this reason, wased that function for obtaining a nonlinear regression mdd nonlinear

regression functions farandk; are:
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TABLE 2.1. OPTIMIZATION METHODS COMPARATIVE
128 Subcarriers, 4 QAN QAM Symbols,P,, e 16 dBm

o Total
Optimization 0 Number of Elapsed
Methods ke EVM % generations (favalu‘ated time (hrs.)
unctions
Hybrid GA &
Pattern Search 0.3792 -0.025 1062 10 320 8.6
Pattern Search 0.3250 -0.001 10.3 NA 63 1.7
Fminsearch 0.4725 -0.001 10.25 NA 201 54
Hybrid GA &
Eminsearch 0.3121 -0.120 10.42 10 320 8.7
Hybrid GA &
EminCon 0.4075 -0.212 10.61 10 281 7.5
_ 0.4417+(0.2027- 0.4417)
c= 1+ e(en +215) (2'11)
and
i = 0245+ (- 0.001+0.245)
2= &R, +1583 (2-12)

1466 0917 =
wherePi, is the average SOWput power

Both (2-11) and(2-12) are used to estimate in an adapivay the optimal values afand
ko parameters for differe,. This adaptive approach allows to reduce the BMMdjusting the
WNCT parameters according to the estimdgad

Finally, we evaluate the presence of nonlingigtortions inthe SOAbased CEGOFDM
system. EVMdegradation is used as a measurement of nonlinear distdftgpr2.9 shows the
EVM curves using WNCT with optimized values by using hybrmpbraach GAfmincon,
nonlinear regression modes, constant optimal WNCT parameter, and the OFDM signal with no
companding From that figure, it is seen that WNCT usi{2+11) and (2-12) shows better
performance to reduce EVM in the range fro2f@dBm to- 16dBm. However, the main advantage

of using PS optimizatiomethod is the lower computational time
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Fig.2.9 Comparative of WNCT optimization by using Pattern Search-fi@iacon and
constant values = 0.43 andk; = - 0.25. Here we can see a slight improvement
when using the nonlinear regression function obtained from pattern search
optimal values

2.4. Conclusions

Nonlinear compandings an extra operation in an OFDBystem that introduces gsr
distortion to the transmitted signal. This is a disadvantage as compared to other techniques. Hence,
companding parameters calculation is ayvenportant task in order to reduce the impact of
companding distortion. Additionally, being OFDM an appropriatodulation technique for
optical communication, it is necessary to look for new companding schemes, adapted to optical
OFDM, to afford the redttion of nonlinear effects in optical components, such as optical
amplifiers, optical modulators, and opticeddrs

The optimizationprocess over WNCT has been done comparing different optimization
methodsAs shown inTable2.1, patternsearchalgorithm, based on a gradieéngée search method,
was faster to find the optimal WNCT parameters than the hybrid algorithms basgehetic
algorithms and gradient search method. A nonlinear regression function for each WNCT parameter
was presented and used to estiethe value parameters according to the input power. Finally, the
EVM curves obtained show slight impemwents in the SOAdased CAEOFDM system when the

nonlinear regression functions were used

52



3. Characterization of the Bias CurrentBehaviorin a
SOA for Linearizing Amplification inaCO-OFDM

System

As stated in Sectiod.3 SOA is driven by its bias cumeinjection, which controls the
amplification level. It is well known that SOA is prone to nonlinear distortion when high input
power is used at high gain level, due to the gain saturafibese nonlinearities can cause
problems, sut as frequency chirping and generation of im@dulation prodcts. One way to
avoid these undesirable effects, is to regulate the bias cugrgrib(control de SOA amplification,
in order to avoid SOA gaisaturation.This chapterpresents an analysis of a SasedCO-
OFDM system when it is used as a booster power amplifreapping the system response as a
function of the bias current and input powkr addition, three opeation scenarioshave been
presented, so at characterize the perfoance of the system and obtain a way to optimize the
SOA performance, under each scenario, controlling the bias cufremtchieve our goal, we use
a simulation system basedesented irsectionl.6. The transmission quality link is evaluated by
computing the EVM Schmogrowl2].
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— 120
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Bias current (mA) 65 3272 Input power (dBm)

Fig.3.1 EVM as a function of input power and bias current irrGBEDM system with
SOA as booster amplifier. EVM increases exponentially when SOA
amplification is biasing with high current at high input gouevel

3.1. Bias Current Change on SOA

As mentioned beforgwe simulate a baeto-back CGOFDM transmissionusing the SOA
as a booster amplifieas seen irBectionl1.6, Fig. 1.14. The system was simulated with 128
subcarriers, 4 QAMasebananodulation, electrical bandwidthf 5 GHz, and an oversampling
factoros=4, adding 1/8 cyclic prefix, and an optional compandilogk to reduce peak to average
power ratio(and their decompanding block). The objective of the simulation is to characterize the
impact of thebias currenbn three main aspects of SOA behavior as a power bouitien a CO
OFDM system: EVM Py, and SOA gainAll of this under different conditions of the input power.
To achieve this goal, we measured the aforementioned variables for a range of different input
powes, from- 31 dBm to- 6 dBm, in steps of 1 dBm. For each test point, we vary the bias current
from 65 mA to 315 mA in intervals of 1 mA. This gives a total of 6,526 tests. These values have

been chosen in order to include the linear and nonlinear SOA iopenairk region
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Fig.3.2 SOA output powerersus bias current and input power. Given this results we
could find the bias current set up to get certain output power

3.1.1 EVM as a Function ofPin and I bias

First, we run simulations to obtain the behavior of the E¥¥ variations of the bias
currentand the input poweFig. 3.2 shows graphically the results, where we can observe the EVM
variaion with respect to input power and bias current. It is seen that EVM rises rapidly for high
values ofliasandPin. For instance, the system can get up to 40% EVM Ry @gualto - 16 dBm

aimed at bias of 345 mA

3.1.2 Pout as a Function ofPin and lvias

The simulations for obtaining the behavior of the output poR&t, in terms of the bias
currentand the input power, produced the results shoviign3.2. As it is known Haleh88§], the
amplifier output power level, for a specific input power value, can be controlled by selecting the
right bias current. As a reference in our stufty,an input power of 16 dBm, the amplifier
produces around 0 dBm at its output for an EgMI0% when using ahias 0f 345 mA.Fig. 3.1
andFig. 3.2 provide a useful broad view di¢ SOAbehavior
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Fig.3.3 SOA gain as a function of bias current and input power. A gain attenuation is
observed at high input power, even if bias current slightly increases.
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Fig.3.4 SOA gain curves as a function lmfs current and input power. Red line shows
4.5 dB of attenuatn gain, if the SOA is biased by 200 mA.

3.1.3 Gain as a Functon of Pin and I vias

The Fig. 3.3 illustrates the behavior of tH&OA gainwith respect to input power and bias
current We can clearly see the direct dependenc8®A gain with respect to theias current.
Here, the maximurgaini s obt ained for | ow input powers.

dB for an input power of 28 dBmusing a Ipias Of 345 mA On the contrary, there is a reduction
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*  EVM for Pin -22 dBm ® EVM for Pin -17 dBm

7th degree pol. funct.

5th degree pol. funct.

! | | | . . . | I .
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Bias current (mA) Bias current (mA)

a) b)

Fig.3.5 EVM values (red dots) as a function ®OA bias currenand their polynomial
approximation for two different input powers: a22 dBm, b) 17 dBm

of the gain for high input poweesen if the bias current slightly increases

Gain contour plots or leveturvesas a function obias currenaind input poweareshown
in Fig. 3.4. It is clearer the gain reducti@s the input power increases for a constant bias current
For instancethe red linein Fig. 3.4 shows the gain attenuatiwhen SOAIs biase by 206 mA
atPi, =- 31 dBmgainis 20.1dB; atPi, =- 5 dBmgain is 15.47 dB

3.1.4 Bias Current for Minimum EVM

We are interested in characterizing the behavior of the &@&r certain conditions. One
condition is to obtairthe minimum possible EVMegardless of the value of the input povi&fe
want toknow whatbiascurrentto use toachieve this.

We can get a model from the EMb&havior obtained in Secti@l.], for each input pwer
value. As an examplé&ig. 3.5 shows the curves of the EVM as a function of bias cufoertvo
different input powers: 22 dBm (Fig. 3.5a) and- 17 dBm Fig. 3.5b). Using a MATLAB fitting

function, we obtain the following two polynomials fo22 dBmand- 17 dBm, respectively:
EVM(ls) = - 013l s + 0410 +133 1041, 0 - 141,,,° + 42, +185  (3-1)
and

EVM(l,5s) = - 0.71 bias7 +0.141 biase - 0.9 bia35 +0.4l bias4 +2I bias3

32
- A7 S + 9.7 + 286 (3-2)
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Fig.3.6 Model to estimate the bias currégisto obtain the minimum EVM as a function
of P;, (blue curve). This model results fromiear regression of EVM minimum
values (black dots) obtained frq3+3).

The next step to obtain a model for all input powe8d (dBm< Pi, <- 6 dBm), is to search
for the minimumEVM of each singlevariable polynomial function in a constrained region for

lvias, @S follows:

argmin EVM (I ,i.6) 65MAC |, ¢ 315mA (3-3)

bias

Next, we apply linear regression to obtain the fgilgg model:

lyas = - 26R,°+49R.°+95R, 7 - 15 ° - 18R,°

' ' 34
+185P * +122P. % +4.7R.% - 205P, + 7159 (3-4)

Model (3-4) allows estimating the bias curremteded to obtain the minimum EVidr a
given Pin, wherePi, is normalized by a mean value -0i8.32, a standard deviation 0649, and
coefficients with 95% of confidence bounds. The curve of such a model is sh&ig 36.

We run a test in the simulator of the @PDM system using modé€B-4). We introduced
a signal with different input powers; for each input power we used a different bias cobtamted
from (3-4), and we computed the EVBF the received signakig. 3.8 shows the results fawo
cases: variabliias and fixedlpias at 150 mA. It is confirmed that the second case makes the SOA
based CGOFDM system to exhibit a high EVM degradation.

The observation of our simulation results showRig 3.8, Fig. 3.7 andFig. 3.9 allows us
find that the cost of minimizing the EVRbnsists of forcing a decrease in output power, origtha
by reducing the SOAjain This is expected, since the decrease in cureshices the gain of the

amplifier. Both behaviors are shownRig. 3.7 andFig. 3.9. This model allows us to know exactly
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Constant Ibias vs optimal Ibias on SOA based CO-OFDM R

70 + |—%— Ibias = 150 mA
—W— Variable Ibias

-22 -17 -12 -7 -2 3 8
Output power(dBm)

Fig.3.7 EVM as a function of SOA output power, when SOA amplification is driven by
a constant bias curreifhexagram curve) and wihe variable bias current is
applied to SOA to obtain a minimum EVM (triangle curve) per test point. It is
seen that, when variable bias current ma@e#) is applied, EVM can be
minimized at the cost ddeeping a low SOA output power.

Constant Ibias vs optimal Ibias on SOA based CO-OFDM
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Fig.3.8 EVM as a function oP;, applying a variable bias current corresponding to each
power level to obtain mimum error, using moddB-4), ascompared with a
fixed bias current at 150 mA. It is confirmed that the second case drives the SOA
based CAGDFDM system to a high EVM degradation

how the amplifier behaves when conlired the biascurrentto achieve the smallest EVM
depending on the input power. It is seen fiéign 3.9 that forcing a minimal EVM by controlling
Inias drives the SOA to a gain depletiand output poweattenuation. This situation indicates that

a good profile ofipias to get a sufficient gain with a certain acceptable level of distortion at the
receiver(EVM) is needed
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18 Constant Ibias vs optimal Ibias on SOA based CO-OFDM
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Fig.3.9 SOA gain versus input power Pin. Gain depletmipiesented bii,s gradual
reduction, driving the C&DFDM system to null amplification and attenuation
above Pin =18 dBm

3.2. Impact of Bias Current on SOA Performance

From the preious results, it is clear that it is necessary to find a good-oHd=zetween
EVM andPq,:to have a good operational level in amplification terms. Therefore, we propose three
different profile behaviors to analg the impact of the bias eenton the SOA

The first profile isobtained under the condition of keeping the E¥i\ maximum of 20%

The second profile consists pfeserving a constam,,: equal to- 7 dBm. The thirdprofile
corresponds$o a constangainof 17 dB over the whol@;, range.

We search in theesults obtained isection3.1 (EVM, Pou, SOA gain) for the specific
values oflyias, for each vle of Py, that fit the conditions of each of the aforementioned profiles
From these values, we develajinear regressiomodelto getlyias as afunction ofPin, to control
de SOA amplification according tbethree desired profiles.
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Fig. 3.10 Analysis of first approach to contrlyl,s injection onSOA for EVM < 20%,
varying input power: a) EVM anB,, b) l,i,sand SOA gain

3.2.1 Maximum EVM equal to 20%

According to the results shown Fig. 3.1, for EVM as afunction of Ipias and Pin, we
observe that EVM is relatively low, EVM 20%, in theregionPi, < - 19 dBm We define arlpias
equal to 200 mAto obtain a SOAgain of 20 dB with low EVM. On the other hand, for high input
power,Pin >-19 dBm, which is te SOA nonlinear region, we define an EVM threshold of 20%,
gradually decreasinlgias to keep the EVM equal to 20%6r - 19 dBm< Py, <- 6 dBm.

The results are shown kig. 3.10. We observe thd®,,: decreases as a consequendgiff

reduction.Also, we can observe the SOgain attenuation in accordance with tlgs decrease.
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Fig.3.11 Analysis of second approatd controllyiss for Py = - 7 dBm: a) EVM andPy

keep quasiinear and almostonstant, b)yi,sand SOA gainwith nonlinear and
linear decrementespectively

SOA bias current (mA)
= 3
o o

(&)
o

Moreover, SOAgain decreasedinealy as we increase input powewhile lpas decreases
nonlinearly
We compute from thhias current points a linear regression to getsggmodel.Giventhe
complexity of thdyias behavior, we use a rational function model, oiiiag:
- 2.8F’in5 - 1458F’in4 - 1282F’in3 +5.73 10 F’in2 +1.43 10° P, +9.63 10°
P.*+772P % +2297P % - 313 10°P, +1.63 10°

I bias —

(3-5)

3.2.2 Output Power set upto - 7 dBm

Based on theesultsshown inFig. 3.2, for Poy as afunction oflyias andPin, we search for

the bias currentalues to gePou equal to- 7 dBm all along thé®, range (from 31 dBm to- 6
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Fig.3.12 Analysis of third approach, keepii®DA gain ¢ 15 dB. a) EVM andP,; as a
function ofP;,; b) bias currentor a constant SOA gain of 15 digross the SOA
input power range.

dBm). The results are shown fg. 3.11a, where we can observe that EVHds values below
15%, even in higlPi, values. Bth EVM andPo. sShow a quasiinear response. In additiorsig.
3.11b shows that SOMainhas a linear decrement with input power; this effect reduces SOA gain
saturation and, #refore, EVM is low. Fis condition could be a drawback in the case where we
need to have a high gain foPa above- 19 dBm.

The resultantyias behavior is modeled by the following 4th order polynomial

e =563 10°P % +5353 10°R,° +1.9P, % + 29.57, +312.5 (3-6)
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3.2.3 Constant SOAGain of 15 dB

In this scenario, we search in ttesults show in Fig. 3.3, for gainas afunction oflyias and
Pin, in order to gethe lpias values needed to keéipe SOA gain at 15 dB across théj, range. The
corresponding results astown inFig. 3.12. This Ipias profile shows a clear inconvenient when
the Pin is higher than 20 dBm: the EVMincreases exponentially (s€ey. 3.12a). This is due to
the distortion caused by the SOA at such output region aldveBm at 30% EVM.

These results can be modelled by the following 6th order polahdamction:

_ ; - -3p 3 2
=2310°P,° +15310°R,* +73310°P,° +1.4R > +9.5P, +873  (3-7)

I bias

3.3. Conclusions

The characterization of a SQ&ed as a booster amplifiara COOFDM system has been
presentedWe investigated how the bias currand the input power affects the SOA performance
in terms of EVM output power, and gain. We demonstrated that a-tHd® obtain a good
behavior is needed, depending on three difteseanarios of operating conditions. We analyzed
these performance profiles and developed models to compute the bias currerst daatfiof the
three scenarios: maximum EVM equal to 20%, constant output power equaldBm, and
constant SOA gairqual to 15 dB. These closed form models would allow to dynamically control

the bias current to obtain the best resuithiw each operating scenario
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4. SOA Linearization by Envelope Tracking Method
for Multicarrier CO-OFDM Signal

Linear amplification and power consumption are important features in the new
communication systems thase an OFDMnodulation scheme, such as 4G and LTEe present
Chapter aims to present the main characteristics of envelspd beethods for power management
and linearizationin radiofrequencypower amplifiers in order to adapt them for the optical
transmission case, especially on the amplification process performed by. &BQAhis Chapter
aims at evaluating the benefits of the E&Thnique for adweced modulation formats like GO
OFDM. Then, a Envelope Tracking system for a SOA baS€iOFDM transmitteris proposed
Moreover, a numerical assessmienthe propose T system ishown Likewise,a moe detailed
evaluation of the filtering effects in the ET branch is proposed and the interest of combining a
PAPRreduction with ET isutlined

4.1. Envelope Based Power Management Methodsfor
Radiofrequency Power Amplifiers

As mentioned irpreviousChapters OFDM presents high peaks of power, measured as
peak to power average ratio (PARRhich could drive a power amplifi@lPA) to a low efficiency
opeation region, in terms of power consumption and nonlinear distortions in the output signal.
Many power management methods have been deployed in the RF domaw9@Rfigin-14] to
enhance the power efficieneyd linearity in RF PA, such as envelope elimination and restoration
(EE&R), and envelope trackin@&T).

There ae two main methods to manage the/poin an RF power amplifieBoth are based
on the envelope of the RF signal: envelope elimination and resto(&tofR) and envelope
tracking (ET). The envelope is the shape in which the RF signal varies; it is the function that

describes the way the amplitude of the RF signal changes in time
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Envelope signal DC power supply

Envelope : Supply
> detector modulator
RF Input — Power RF Output
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Amplitude
limited phase
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Fig.4.1 Basic envelope elimination and restoration (EE&RXk diagram.

| Envelope Tracking positive supply voltage |

| Envelope Tracking negative supply voltage |

Fig.4.2 Envelope tracking (ET) modulate the power supply according to the RF envelope
reducing heat dissipation and power wasted..

4.1.1 Envelope Elimination and Restoration (EE&R)

In an EE&R process the RF signal isispl two different signals, as shownHhig. 4.1: an
envelopesignal is obtained by the envelope deteeatod an amplitude limited phase modulated
signal is produced by the limiter, resy in a phas@nly modulated signal. The supply modulator
modifies the operating power of the RF amplifier proportionally to the envelope dgnal
following the amplitude modulation of the limited sign&lgng14]. This reproduces the OFDM
signal pr es e n inpuglut powereamgifragh EE&R is @ maédsalation process that

restores the previously clipped signal envelope and results in gpbngér replica of the input
sigral being produced at the output
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Fig.4.3 Basic ET blocldiagram with modulating shapirignction generator

4.1.2 EnvelopeTracking (ET)

ET enhances the powefficiency of an RF amplifier by modulating its supply voltage in
such a way that ibnly supplies the power that needed. The viation of the supply voltage is
made according tthe envelope of the RF signal [Wat§], as shown irFig. 4.2.

An envelo trackingsystem is composed ah envelope dettor, a modulating shaping
function generator, a power supply modulatardelay bck, and a power amplifieras shownn
Fig. 4.3.

a) Envelope detectorin this block, the envelope signa extracted from the RF
basebandignal x(t). The resulting envelope sign&lnﬁ) is the magnitude of the RF baseband

complex irput signal Wang14],

)= X0 = | ()7 + Q) =

where | and Q are the correspondingpirase and quadrature componergspectively.

b) Modulating shaping functiogeneratar Here a signal related to the envelope is
produced with the final objective to either amplify the OFBignal efficiently or decrease non
linearities of the ampliér, or both of them. The modulating shaping function is alsavknas
envelope shapinfunction

C) Supply modulatarlt is the main step on the Eifocess. Here, the supply voltage

of the RF PA is regulated according to the envelope shdpimagion In an RF ET system, there
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Fig.4.4 RF PA efficiency respongairves at different supply voltages. Figure taken from
[Wang14].
are three kinds of supply modulators: analog, discrete, and hybrids sdiemek4].
d) Delay. This block is necessary to compensate the time mismatch introduced by the

ET process [Kim14].

4.2. ET Power Efficiency and Linearity

As mentioned before, improve linearity and efficiency in an RF PA is an important issue
into the design process of an Ejistem. To otain a good tradeoff betwedinearity and efficiency,
it is necessary to have a good understanding of the dynamic power response, gain compression,
and their relationship witbthercomponents in the ET system, such as the supply modatador

the power amplifier

4.2.1 ET power efficiency

In order to understand the way that andy$tem improves the power efficienicyan RF
power amplifier it is necassary to analyze the walyatthe efficiency and the power output vary
as afunction of the power supply, as illustratedFiy. 4.4. Here the maximum efficiency and
maximum output power are well identified, copeading to a point near to the saturation region

The clue is changing dynamicallyet power supply voltage as the power input changes. It is seen
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Fig.4.5 Efficiency and gain trajectories versus output power across various supply
voltages achieve efficiency and linearity ET strategy. Figure taken Yandg
14].

that the ET system could deliver high efficiency o&evide range of output powpNang14].

4.2.2 ET Linearity

As mentioned before, the goal of E§to vary the PA supply dynamically to enhance
performance for either efficiency tinearity. Oneconsequence of changing supply voltage as a
function of he envelope signas the varying gain at EPA output. This dynamical behavior
introduces an AMAM and AM-PM distortion. AMAM and AM-PM distortions introduce an
intermodulation distortion to the amplified Rlignal.Oneway to reduce this nonlinear behavior
is to change the characteristics of the envekigeal to produce a modulating shaping function
able to transform the ndimear amplification function into a lineaed operation of the RF PA
[Wang-14], as shown irFig. 4.5. Here, the curves corresponding to the power gain, related to the
output power for different supply voltages have been added to the efficeurves. The
modulatirg shaping function must change the supply voltage as the input power changes, in such

a way that it obtains the maximum linearity performance for such a supply voltage.

4.3. Envelope shaping function
As mentionedefore, themodulating or envelope shapifignction generator changes the
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envelope signato set up the supply modulatoperation. The shaping function helps &€&
system to keep the constant gain for linearity. The envelope shaping reduces the nonlinearity for a
low supply voltage range, so that the ET PA works more linearly than the one without envelope
shaping.

The shaping functiohas thiee basic purposes in an Ejstem for an RF power amplifier

a) Amplification stability by removing near crogero region tracking voltage,
because RF PA tends to shut down while draining the voltagedo zer

b) Reducethe bandwidthof the envelope signathus bandwidth requirements of the
supply modulatar To achieve this, it is necessary to reduce the amplitude fast changes in the

envelope signal
C) Avoid asmuch as possible the risk to present time mismatch between envelope

signaland RF signal before amplification.
The shaping functiogenerator modifies the envelope sigtiabugh an operation called

detroughfWang15]. There are three methods: hard detrough, soft detrough, and linear detrough

4.3.1 Hard Detrough

Hard detroughapplies a clippingo the envelope signato avoid ETworking at lower
voltages than the ampl i fi er 6Wandgld],eaeshowo irfFig.a g e, a

4.6. This abrupt cve expands the bandwidthf the envelope signal and impacts the A
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characteristic of the PA.

4.3.2 Soft Detrough

Soft detroughuses a nonlinear transformation to shape the envelope ,sagsidown in
Fig. 4.7. The transformation operates above the kridage Wang14]. Theoutput signal has a
lower bandwidththan the original, because the high frequency componentheobriginal
envelope signal have been removed. Another advantage to smoothing the envelope signal is t

reduce the sensitivity to time mismatch on thesy$tem
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4.3.3 Linear Detrough

For better linearity and design for the linear AWM and AM-PM chaacteristics, the
envelope shapingransformer can change the envelope supipdarly [Wang14]. Therefore, to
compensate the power reduction due to the knee voltage, a linear dethapily functioncan
be achieved by moving the transition point leftward to compromise linearttyeaxpense of

efficiency, as shown irFig. 4.8.

4.4. Mixed Methods for ET Linearity

The next subsectioshows two cases of the shaping functitansform in combination
with other predistortion techniques to enhance linearity in they&iem, such as, clippimgethod

and digital predistdion, respectively

4.4.1 Shaping Function Optimized

In [Kim-11], two envelope shapinfyinctions are presented. The first one is named as an
offset shaping functim The second function is an optimized envelope shaping function based on
the sweet spot tracking method. The sweet spots are local minima of intermodulation distortion
(IMD). Fig. 4.9 shows both transfer profiles. Sviespot tracking and offset shaping transfer
profiles have similar responses. Hence, the optimized envelope shaping function for this case is

given by
Venv =k (3,"1 +anee (4'2)
and
venv.max‘ Vo se
k=—=0 = (4-3)

env.max

whereQis a scaling factoli, is the scaled input envelope voltalifeysetis the knee voltage of the
RF PA andVenv.maxis the maximum envelope collector voltagéhe linear detrougtshaping
functionis combined with PAPReduction techniques to clip the large amplitude values of the
envelope signalThe clipped signal has lower PAPR. BA is apfied to WCDMA/LTE signals,
showing efficiencies of 48.8/42% at the peak power of 31.5/28.9 (dBm), respectively
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Fig.4.10 Three different envelope shaping function profiles. Shape 1: nonlinear shaping

function. Shape 2: linear detrough.&pk3: soft detrough. Figure taken from
[Kim-13].

4.4.2 Envelope Shaping with Digital Predistortion

Another approach to design an Eystem is presentad [JKim-13], where 3 different
envelope shapinfyinctions are proposddr an ET system applied to an LTE wireless system.

Shape 1 is a nonlinear transformation,

Ven\l :Vmax(ynormin (4'4)
where Vmax is the maximum output amplitud&nom.in is the normalized input amplitud®y
symbolize the curve shaping factor.
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Fig.4.11 CO-OFDM transmitter including an envelogracking branch for current control
and a nonlinear compandibgpck for PAPR reductian

Shape 2 is a simple linear detrougith an offset,
Veme = (Vmax_ Vk)(.ynormin +Vi (4‘5)
whereV is the envelope offset.

Shape 3 corresponds to a soft detrough,

Vens = (Vinax~ Vie) nomin + Vi (4-6)
The soft detrough shaping functibas moe flexibility of operation, because parameters
N andVicontrol de transformation of the envelope sigiak three transform profiles are shown
in Fig. 4.10.
In addition, digital pedistortiontechnique DPD is combined with ESlystem to achieve

linearization This predistorted signatompensates the phase distortion and maintains the high
efficiency of the PA

4.5. An Envelope Tracking Method for SOA Amplification of
Multicarrier Signals

A wide variety of linearizatiortechniques are discussed in the literature for reducing the

nonlinear effects associatemldptical communication systemshangl14]. The ET technique has

been identified as a promising scheme for improving the power efficeeyoadband wireless
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systems [B.Kim13] by modulating the supply voltage tfie power amplifielmaccording to the

input envelope variations. The linearization capability of such technique for ab&6s4 system

has also been pointed out in [Sa&B], wherethe amplifier has its bias currecdntrolled by the
photodetected input signal envelope. By using some theoretical developments, authors in [Saleh
88] shown that the current translate into a constant carrier dengityn theactive region and an
increased saturation power of the amplifier. The practical feasibility of the scheme has been
demonstrated by a twimne experimentThroughoutthe next sectiomithe an envelope tracking

(ET) apprach is studied here for improving linearity in the SG&sed CAOFDM transmittey

with an eventual use of crest factor reductionpsdaw compandingseeFig. 4.11).

4.5.1 ET-SOA System Model

Our implementation relies on a selkveloped SOAnodel presented in sectioh.6.1.3
which has been fitted to simulatece@ammercially available bulk 758m long SOA(INPHENIX-
IPSAD1501), so that it yields a very good matching between simulated and experimental results.
Theoverall structured of the transmittisrillustrated inFig. 4.12; it is a classical layout featuring
an optional PAPReduction block via nonlinear compandittggadjust the statistics and the peak
power of theM-QAM OFDM signal (with Nsc subcarriers) to be amplified. For its simplicity, with
only one parameter of the companding function,thaw techniquelCherr13] will be adopted
here. TheMach-Zehnder IQ modulatohas ahalf-wave voltages of 6 V and a 1540 nm continuous
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Fig.4.130riginal envelope and reduced bandwidth envelope: a) 1.25 GHz bandwidth b)
625 MHz bandwidthFiltering reduce the ESystem capacity to follow the rapid
changes in the original envelope signal.

wave light applied at its input.

The receiver not illustrated, then performs a coherent detectiolowed by various
operations inelding time synchronization, nonlinear decompanding, equalization, and digital
demodulation. In the remaining of the study, a back to back performance evaluation will be
considered, with the assumption of a perfect coherent detection and by neglectingldiy¢oa
digital converted ADC) effects. The case of a 5 GHz electrical bandwidd®AM CO-OFDM
transmission spread over 1R& will be considered, with an oversamplifagtor of 4.

As mentoned bebre, SOAnonlinear impairments may produce significant distortions,
impacting the transmission link quality, and resulting in an increased BEke following
section, the SOA nonlinear characteristic are brieflsiewed,and anET schemes proposed to

achieve its linearization
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4.5.2 General Approach to SOA Linearization via Envelope
Tracking

The general idea behind tleavelope trackings to dynamically adjust the power aly
signal to track the input envelope fluctuations. The dynamic supply involves an envelope amplifier
(EA) with gain Gc aiming at delivering the desired supply signal in a synchronous manner and in
realtime, which can be challenging in presence of roaitiersignals with large PAPRccurring
an envelope bandwidttar larger than that one of the original basebeamighplex signal. Henge
shaping schemes are usually required for adaptiegenvelope dynamics to the application
objectives (linearizationpower efficiency isogain, etc.]B.Kim-13]. Our ET-based CGOFDM
transmittersetup is depicted ifig. 4.11.

As the SOAoperates as a booster, the tialignment, and the envelope siggaheration
together with the envelope shapican directly be processed in digital domain with no need of a
photodetector, as would be tlwase for an inline amplifieTheoretically, the amplifier can be
perfectly linearized by adjusting the biasing current proportionallthé squared optical field
envelope $aleh88]. The resulting control signahay have frequency components over a few tens
of GHz, but due to the specific carrier dengiggnamics of the SOA (of the order of 0.3 s
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bandwidthlimited to a few GHz may be sufficient for achieving linearizatidhe practical
feasibility of the concept has been shownSalgh88] for a twotone system only, with a 2 GHz
bandwdth basebandmplifier in the ETbranch. In the present study, we investigate the effects of
a 128 subcarriers OFDMnvelope signal with a bandwidth reduced up to a lower limit of 625
MHz (Fig. 4.13), with the view to simplify as much as possible the implementation of the current
control. Considering that the original OFDM signal has a 5 GHz bandwidth, this corresponds to a
severe filtemg effect. Thus, the shaped signaxpressed agn] = h[n]*€g[n], whereg[n] denotes

the OFDM signal envelope amfh] is the low pass filter impulse response (ad8rder FIR filter
being chosen in the sequel); the resulting signal is then normalizedplitude before its digital

to aralog conversion. The corresponding analog sigftalis then adjusted in amplitude with a
gainG = hly4cdepending of the amount of additional current required, wherel andl 4. denotes

the bias currerdC value. The resulting signit) = G¢s(t) will then be used to dynamically adjust
the biasing current value. Throughout theqel, a perfect synchronization will be assumed
between the optical signal entering the SOA and the control s{gjnal

In addition to the ETscheme, aimingtdinearizing the optical amplifier, a companding
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Envelope-Tracking Linearization; 4-QAM, Nsc=128, BW=5GHz, filt. 1.25 GHz
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Fig.4.16 EVM versus current gair? § and SOAinputpower for a bandwidth reduced at
1.25 GHz with joint companding/ELow EVM values could be obtained by the
combination of companding with ET.

transform is egntually applied for reducing the PARIRthe signal to be amplified. According to
this approach, the original signal sampigbave their amplitude natified by a nonlinear function
f, the resulting signak = f(x,) is then converted into amalog waveform. At the receiveide, the
noisy signalr, = ynt+vy is then transformed by the -@empanding function to recover original

signal (pls noisg x,=f "(ry) F xn + f-Y(wn). For its simplicity, the followingi-law function is

adopted
Iog%+ mXK”S 47)
f(xn) = ASgI"(Xn)—Q—T
log(1+ m)
where sign stands for the signum function predl , 2, 3¢é denotes the key

the resulting PDF. Increasing tends to boosthe amount of medium amplitudes while
compressing small and large amplitudes.

The compandindunction together with the corresponding PDF are depictédgnd.14,
for u =2 which will be adopteih thesequel
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4.5.3 Numerical Results

The performance on the Elased CEGOFDM transmitteris evaluated in this sectionrfa
5 GHz bandwidti-QAM transmission spread 128.subcarriergresulting in a data rate around
9 Gb/s). The scenario of an envelopeJpass filtered at 1.25 GHz in absence of companklasy
beenfirst examinedpver a wide range of SOkput powerP;, and for a current gaiG. going \yp
to 0.94¢, with l4c = 150 mA. For evaluating the performance, the classical criteridi\of)
[Schmogrowl?2] has been calculated for each coupt,(Gc) in a back to back configuration
(receivemplaced at SOA output). Due to the large computation time required for exploring the two
dimensional (2D) space, a short sequemzgle of 2 4-QAM symbols has been used for this
purpose (with a PAPRoingup to 10.3 dB). The results are givenHFig. 4.15, where it can be
clearly observed that low EVM values are achieved via current control over a wide rdhge of

For example, if an EVMimit of 30% isset (corresponding to a Birror-Rate of 16), Piy
can be increased up td2 dBm. It is also noticed that as more power is injected, a largeGgain
is required for compensating the nonlinear effects, particularly ab®9edBm. An acceptable

EVM value can eventually be ensuredhggh saturationHi, > - 12 dBm), but with veryarge
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Fig.4.18 Optimum current gain versus SOA input power. Envelope filtering effect is
observed by reducing the optimal current gain

current gain.

In a similar way, EVMhas been evaluated for each coupg, (Gc) when the envelope
signalundergoes a bandwidthduction at 1.25 GHz and whemp-daw compandings jointly used
with the reduced bandwidth (BW) EEchnique. FronFig. 4.16, it can be observed that this
scheme significantly enlarges tipewer range over which an acceptable EVM vatae be
satisfied, while alleviating the current g&#a. The same approach has been followed with a much
narrower filter bandwidth (625 MHz), with and without companding. For all the different schemes,
we estmated a performance bound corresponding tocthieent gainG. yielding the minimum
EVM for a given input power. The results are showrrig. 4.17, where we can first observe a
quick rise in EVM if no companding nor linearizatisradopéd, as we move towards the saturated
region; the considered EVM limit value being reacheébatd 2 d B m. I f the ET te
with a reluced BW of 1.25 GHz, an improvement of around 3 dB is achieved at 30% of EVM. For
a better linearization, theipt use of PAPReduction (withu-law companding here) and envelope
tracking is an effective solution, sacan be clearly seen also Kig. 4.17. An additional
improvement close to 2 dB is aeted in this way in the SOAaturation regionwith respect to
the use of ET scheme alone. It can also be observed that this approach is far more effective than
the use ofu-law companding only, which just reduces thmount of nonlinear distortions by
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reshaping the statistics of the signal to be amplified. Notice that larger valuescaild
significantly decrease the EVM at high power, but at the price of less performance at low or
medium power. Insrted constelladns for an output powePo,: of 3dBm indicate a huge
improvement of around 25% thanks to companding/ET as compared to the original system. If a
more severe filtering is applied (bandwidth of 625 GHz), a 1 dB penalty is measured for the ET
scheme at 30% d&VM, with more degradation below this limit (the penalty going up to 2 dB);
the overall results are actually very close to those obtained wiflxlthe PAPR reduction alone.

If the latter is combined with ET, it achieves a performanceecko the ET sa@me with a
bandwidth reduced at 1.25 GHz. Hence, despite the relatively low bandwidth of the current control
signal, an effective linearization is accomplished.

The optimum gain value against input power is plottelign 4.18 for the two ETscheme
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investigated (ET with reduced BW apdlaw based ET with reduced BW), with BW values of
1.25 GHz and 625 MHz. Slowing down the envelope sigaahtion has an obvious efft on the
current control, with lowered gain. It can also be observed that the usage of reédrRiRon
significantly reduces the amount of additional curré@htrequired while achieving a tter quality
for the amplified signal if the optiom gain is chosen. The case of a current control with fixed
gainG¢ = 0.294cis illustrated inFig. 4.17, when compandingnd reduced BW ET are employed
(1.25 GHz case). In such conditions, th@imum bound is reached &. f 3 dBm and the
performance is still very good ab®whis threshold, but a quick degradation is noticed as the
operating point moves towards a linear region (lowering power and decreasing signal to noise
ratio). These observations reveal that a-salibrating ET technique should be designed so that
the performance remains close to the optimum while the operating conditions (input power,
modulation format, etc.) change.

Finally, the dynamic AM/AM and AM/PM characteristics are depicteligi 4.19for the
original system (subplots a, b) and for the compariftiidgpased system (subplots c, d) with a
reduced bandwidtlat 1.25 GHz. The static nonlinearities together withmowy effects can be
clearly observed for the original system, whereas the proposed system exhibit a far better linearity.
However, it is evident fronfrig. 4.19 (c, d) that the amplified signal is still affected bgmory

effects (spread along straight lifes

4.6. Conclusions

The main characteristics of power efficienand lineaty methods in an RF power
amplifier have been studied. EE&R and Hinctionalitieswere compared, finding that ET is a
better solution to achieve a good tradeoff between linearity and efficiency in an amplification
process. In an ET system, the envelope transformation plays a key role. Three main types of
functions allow some degree oeédom in the design of the system: hard detrough, soft detrough
and linear detroughThe use of predistortion lsemes, such as PAPRduction and DPD
technique, could help to achieve linearizati&@T approach could be adapted to semiconductor
optical amplifiersto improve their linearity and reduce nonlinear distortion.

The benefits of envelope trackihgve been investigated inistkchapterfor mitigating the

nonlinear effects in a coherent optical OFBdsihsmitterusing a SOAas a power boostero the
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best of our knowledge, only Saleh al. [Salé-88] have pointed out the effectiveness of the ET
technique for linearizing 80A, but by considering only a twtone scenarioDespite of the good
results exposed here; it is suitable to optimize the ET SOA system using anangefers. In the

following chapters, this challenge will be addressed.
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5. An improvement of ET-SOA for CO-ODFM
system

In Chapter4, ET for SOAbased CAOFDM was successfully applied, buktistudy was
rather restrictive as only one parameter was tuned for enhancing the linBaeipyresenChapter
examines a more general problem, with the identification of various optimal system parameters
for improving the performance of an ESOA based CGOFDM transmitter To achieve this goal,
we use the same COFDM system setup as iftiz-Corneje17], with the use of a precise SOA
physical mode(see se@n 1.6). Through therest of thischapterthe SOA typical characteristics
are summarized, and an ET scheme is presented for linearizi®gg@FDM transmitter. Then,
the ET block optimizatiowia particle swarm optimizatiofPSO) is studiednd rumerical results

are developed.

5.1. SOA Linearization Math Model Via EnvelopeTracking

As mentioned before, SOAonlinear impairments magroducesignificant distortions
impacting the transmission link quality ageklding an increaseBER. In this section the SOA
nonlinearcharacteristic are brieflgeviewed,and anET scheme is proposed for linearization

An SOAIis a component that amplifies an optical signal with a GainPou/Pin, WwherePin
andP,: stand for the power of the input and output signals, respectively. The gain can be expressed
as a function of the carrier densNyafter integration over the SOA lendth and by neglecting

the internal losses for the sake of shieity, as

G =ep|@lN- N L) (5-1)
where G is the confinement factom is the diferential gain and\: is the carrier densityat
transparency Bonk-11]. We present here the theoretical principle of how carrier density
fluctuations can be highly attenuated by a simplified analffséé gives qualitative trends.

Considering only one calculus section in an SQWh a congant carrier density along the

propagation direction, we consider the following classical rate equatidhe carrier densitiX:
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aN_ 1 N (G-1R, 5.2)
d qv ¢ hvVv

wherel is the injected electrical curremtthe elementary charge akdhe active zone volume,
I s Pl anc kwhefrequentysin reemzand 7 is the carrier lifetne We also make some

assumptions that allows us to separagestiatic Xo) and dynamic behaviors(f)):

N =N, +n(t) (5-3)

| =1, +i(t) (5-4)
R, =R+ p(t) (5-5)
G=Gy+g(t) (5-6)

For instance, we separgt&3) in two equations: static and dynamic. The static equation
gives the operating point governed by the carrier dehsitymposed by the bias curreamd the
input optical power:

_lo_ No_ (G-
0= (5-7)
v ¢ hvVv
The dynamic equation is obtained by neglecting the second ordegpamthe last term
of:
dan_ i n_ 5~ Yprohy 59
d qv ¢ hvVv

whereg can be expessed usings-1) asg = @ U LorGandUis the linewidth enhancement factor
If we now manage to impose a dynamic current such et (Go-1)p/hvV, (5-8) becomes
dn_ n @&LGR _ n GyRn
dt t hvV t tP

sat

(5-9)

wherePsat is the material saturation power.
Notice that(5-9) is a first order homogeneous equation, tending to zero after some

relaxation timelts general solution takes the form

o

a ta
n(t)—-exp% 7§+
¢ °C

2

G'O |:)O
: (5-10)

sat

]

This important result means that, provided sra@hal fluctuations and regardless of the

dynamic operating condition of an SQAs soon as one can induce an appropriate dynamic bias
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Envelope Tracking SOA system (ET-SOA)
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current the carrier densityends to be constant, hence, any dynamic fluctuation of the carrier
density vanishesSince we made several simplifying samptions, of course a complete
annihilation of the dynamic variation of the carrikensity only based on a linear transform of the
injected power is very hard if not impossible to obtain. Firstly, we neglected the second order term
gp, which would indue nonzero time variations. Secondly, we considered a single calculus section
in the SOA which of course is not the case in reality: the carrier density is not constant along the
propagation axis. Thirdly, we used the rate equasisif all terms (such as gain and carrier
lifetime, for example) were independent of the instantaneous input power (small signal analysis),
which is not thecase. There are several ways that can be thought of to ensure the expressed
condition. Here, as the SOA is used as a booster ampttiieremitted signal is already known in

the electrical domain and can be applied to the SQg&trelde for linearizing the device

characteristics.

5.2. An SOA-Based CO-OFDM Transmitter Employing ET

ET has been originally proposed for enhancing the power efficiandylinearity of RF
amplifiers by modulating the voltage supply. In an equivalent way, ET masdx for SOA
linearizationby dynamically adjusting bias curresxtcording to the input optical signal variations.
This approach has been successfully use®itiZ-Cornejel7] and exposed here in Section in

4.5, jointly with a p-law compandingmethod for PAPReduction Wang99]. As stated before,
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our proposal is a generalization of tketiniquen [Ortiz-Corneje17] exploiting more degrees of

freedom to get a better linearity and consequently an improvedoBE& manceln the EFSOA

path(seeFig. 5.1), theenvelopee[n] = |y[n]| of the RF baseband complex signal is first low pass

filtered using a FIR filter so as to alleviate the implementation complexity for the following DAC.

A nonlinear shaping function (NLSF) of the fon{m [n] |N is then applied to the filterazhvelope
e, [n] With the view to take advantage of the degree of freeldar improving the linearization

efficiency. ForN > 1 the NLSF compresses the low amplitudes and increases the highest ones,
leading © a larger bias current when 8Meeds to increase the carrier density to counteract the
carrier density depletion. Note that from the analysis given in previous subsé¢tor?, is
expected to give the best performance, as also pointed out in othencetefaleh88].

The shaped erlope signale_(t)obtained from the DAC is scaled so that the bias current

is adapted as
is then used to control the SOA with bias current expreassed

Ibias = i(t)+ Idc (5‘11)

and

: . N
i(t) @a Qe (t) (5-12)
whereh denotes the gain used for scaling the dynamic part of the curreng gagd is the

bandwidth limited envelope corresponding to the baseband sipmjalFor N > 1 the NLSF
compresses the low amplitudes and increases the highest odés) keaa larger bias current
when SOAneeds to increase tlarrier densityto counteract the carrier density depletion. Note
that from the analysis given in previous subsectins: 2 is expectedat provide the best
performance, as also pointed out in other referer8dst88]. In [Ortiz-Corneje17], waspointed
out the usefulness of the joint use ofidaw compandingmettod [Wang99] with ET for an
effective SOA linearizationSo, we keep this combination in tletlsaptemwith a companding block
working just before the ET branch, according to the nonlinear function

(i) = st g e B 519

wheresgn(.) stands for the complex signum functi@ns the maximum amplitude of the baseband
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signalx[n], 4 > 0 is the compandingarameter and(n]| denotes the amplitude gfn]. PAPR
reduction via nonlinear compandiggnerally offers a good tradeoff between complexity and BER
performance, with transparency to modulation format and no eegaint of side information
[Jiang08]. With a single parameter to be tuned, fikkaw scheme is attractive in comparison with

other nonlinear companding methodspu-15].

5.3. ET SOA System Rerformance Evaluation

In our previous workQrtiz-Corneje17] the optimum operating conditions, in the sense of
EVM performance, were found by an exhaustive search of the current gain (paranveitiy
fixed values ofall other parameters involved in the |piiocessN = 1, l4¢c= 150 mA, andu = 2).
Obviously, such an approach is no longer effective for many degrees of freedom, as it is the case
in this work. Thus, a global optimizatias reported here based on PSO, by considering different

scenarios depending on the parameters to be calibrated in the ET. branch

5.3.1 Analyzed Scenarios

We analyzed three different scenarios to evaluate the performance of the propesed ET
SOAsystem

a) No compandingand ET In this first scenario, only the ET block is subject to
optimizationwith variable parameterd4, U N}, and no companding is performed.

b) Fixed p-law compandingand ET In this second scenario, the optimizatisn
conducted with the same degrees of freedom in the ET brigcl ) and a joint use gf-law
companding withu = 2 (the same value used[i@rtiz-Corneje17]).

C) p-law compandingand ETwith fixed shaping functionHere, the objective is to
identify the best values for the ET parametdg, {J} joi ntly with u parameter. A fixed value of

N is adopted according to the results obtained in the previous two scenarios.

5.3.2 Optimization Method
The optimizatiorproblem consists in seaioly the best paramegevalues corresponding
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to a minimized EVM while keeping the SOAjain at a predefined constamalue. Then, the

objective function to be minimized can be formulated as
= M *Y, i
I(p)= 76(p)- G 7+ EVM(p), pi D (5-14)

wherep stands for the vector of paramete®p) is the evaluated SOfainin steady stateG” is
the target gain, anfirepresents a weighting factor. For this st@lyis fixed at 15 dB. Note that

the parameters vectgrand the search spachange depending on the considered scenario, as

follows:
f First and second scenariop:= [U, l4c, N] andD = {0.01< U< 2, 80mA < lgc< 200
mA 0.8<N< 3}
f Third scenario:p=[ U, lg, ] andD={0.01< U< 2, 80mA < lgqc<200mA,N=2, 1
< U < 255}

In each case, a P8@lgorithm is used to find the best setting paramgter$SO is an
evolutionary algorithmwhich uses a stochastic searchingthod to find global optimal solutions
[Kennedy95] by emulating the swarm behavior, where one grdupdividuals follows one of the

members through gace looking for the best location

5.4. Numerical Results

In this section we describe the simulation and optimiza®snlts for a backo-back CO
OFDM transmission with 2 4-QAM symbols allocated over 128 subcarriers, corresponding to a
total BW of 5 GHz. In the Epath, the FIR filter reduces the envelope BW to 1.25 GHz. We
compare the performance of the three DA schemes presented bef (Section5.3, after an
initial step of optimization via PSO at a given SOA input optical power and with a targéb’gain
= 15 dB. Also, we examine the solutions from the optinenaprocess to draw some conclusions

regarding the influence of various parameters on the considered optical transmitter

5.4.1 ET-SOA Based COOFDM Transmitter Performance

4 Function particleswarmoptimization.m embedded in Global Optimization toolbox under M2QED (The
MathWorks, Inc.).
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SOA based CO-OFDM. ET LPF 1.25GHz. Gain 15 dB.
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Fig.5.3 EVM performance against SOA input optical power the various SOA
linearization methods, compared to the conventional system

SOA based CO-OFDM. ET LPF 1.25GHz. SOA Gain 15 dB
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Fig.5.2 BER performanceversus SOA inpubptical powe. An 8 dB improvement is
reached at a target BER = 10ver a traditional transmitter with no ET.

The COOFDM system performance is evaluated based on BMMBERmetrics.Fig. 5.3
shows the results among a wide range of input power for each of the thre@goscénaddition to
the results reported iOfrtiz-Corneje17] for comparison purposes. A clear EVM improvement can

be noticed for the three schemes studied, the third one outperforming the other two. By observing
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Fig.5.4 Optimization results as a function of SOA input power:@)noal values othe

curret  gai n U ver s ubydreStOukrenidfop aath scenanoecy ;
comparison ofparameterN for ead performance scenariad) nonlinear
companding parametgr

that the optimum setting for the parameteis close to 2 over a wide operagirange (as will be
illustrated in the sequel), this fixed value has been adopted for the third scenario. This choice is also
motivated by the fact that a sqadransform is realized by a photodetedevice, required if the
SOAIs used as an inlmamplifier Likewise, linearizatioreffect is observed in the insets showing
received QAM constellationsMoreover,Fig. 5.2 shows the BER performance vessSOA input

optical powerPi; an 8 dB improvement has been reached at a target BER3pAd@ompared to
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the conventional transmitteot using ETor nonlinear companding

5.4.2 Optimal Nonlinear Companding and ET-SOA Parameters

In Fig. 5.4 shows the ptimizationresults as a function of SOsput power Fig. 5.4a
depicts the optimal current gaiorfall scenariodt can be clearly seehatUhasa quick rise vien
the Pin, goes towards the SOA saturated regiabove- 11 dBmn). Fig. 5.4b showsthe resulting
optimallqc; it is quasi constant for adicenarios with a slighticrease up to 148A for high Piy.
Fig. 5.4c shows the optimdN settings which are close té = 2 for first and second scenario.
Finally, Fig. 5.4d showsthe optimalu-law setting where the optimal parameteappiesa high

signal compression for high, to reduce higtsignalpeaks (see insets PDF)

5.5. Conclusions

The main objectivef this chaptewas to improve both the performance and flexibility of
the ET technique reported indrtiz-Cornejel7] for linearizing an SOAbased CEOFDM
transmitter Three different EISOA settings have been examined in this report, with successful
results. The third scheme, jointly usiag optimizedu-law nonlinear compandintpgether vith
an optimized ET processing, offers the best BiERormance gain with reduced current injection.
An 8 dB power margin has been attained at a target BEROdfidl comparison with the
conventional SOAased CGOFDM transmitter not using linearizatiom the following chapter
a more extensively numerical assessment is made, to prove the robothesE FSOA under

differentconditions.
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6. A Numerical Assessmenbf An Effective Envelope
Tracking Semiconductor Optical Amplifier Design
for Coherent-Optical OFDM Transmission

In this chapter ET-SOA for CO-OFDM system[Ortiz-Correjo-18] is investigatedo test
it, under different operational conditiansn optimized design of the ET subsystem is performed
under various scenarios, with the eventual joint use of PA@Rction eithewia hardclipping
[RahmatallakL3] or nonlinear compandinfWang99]. A thorough carrier densitgnalysis is
performed in the amplifier, for various target gain valsesas to assess the effectiveness of the
proposed scheme. Moreover, we investigate the robustness of the proposed approach against some
parameters variation, both inside the ET pdlAC characteristics and bandwidthmited
envelope geeration). Extensive simulations performed with a precise SOA nshadel that up to
8 dB (resp. 7 dB) BERnprovement can be achieved via the proposednsehie the case of-4
QAM/OFDM (resp. 16QAM/OFDM), as compared to the conventional system with no
linearization and that even an envelope quantizedh 2 bits still enables a significant

performance increase.

6.1. Introduction to Carrier Density and Dynamic Bias
Current on ET-SOA

And as mentioned in chapt®@SOA is a multipurpose device that can not only compensate
for fiber losses but also enable the-gtical implementation of many functionsu¢h as
regeneration, switching or wadeagth conversion) required in modern optical networks
[Connelly-02]. If the inherent device nonlinearity is very useful in the latter case, it turns out to be
a significantdrawlack when it comes to handling the povibeidget with norconstant envelope
signals. Nevertheless, it has been pointed out in several studies that SOAs may be a pertinent
choice for amplifying advanced modulation formats [Koed. For OBPM signals, use of some
linearizationschemes have been recommended so as to cope with the largaypi&RRof such
format [Diouf17].
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SOA gain saturation is etually likely to introduce signal distortions translating into
transmission quality degradation. To alleviate these distortions a high saturation output power is
required. SOA's optical gais defined as a function dlfie carrier desity N in (5-1) The gain
results from the effect of population inversion inside the active region, under the influence of the
set bias currenfThe populabn inversion may be reducedsituations where the injected optical
signal exhibits occasional high peaks; then, a carrier density depletion may occur near the output
section, as a result of large photon density, which translates into nonlinear imps.iririers,
SOA's optical gain isnainly controlled by the carrier density generatie consider the classical
rate equatioiis-2) for the carrier densiti, with only one SOA sdion. In the smalisignal regne,
and neglecting the secowder terms, it can be shown that the following model holds for the
carrier density dynamics in a single section S@Q#tig-Corneje1§], if a nonuniform biascurrent
is adopted

Qo

n(t) ~ expE ;%+ o % (6-1)
¢ ¢ *F

whereGo andPg are SOAgainand input power, respectively, aRek: corresponds to the material
saturation power.

The above gxression means that if a proper dynamashiurrents applied to the device,

lim,. . ntt) = 0 and the carrier densitgnds to be constant, meaning a linear behavior of the. SOA

In the following subsection, we describe a setup baseahoenvelope trackingcheme with the
view to maintain a constant carrier density in an SOA usebdosting the power of multicarrier

signals at the transmitter

6.1.1 Envelope Tracking SOASystem Model

As mentioned in sectioh.1 Envelope tracking consists in dynamically adjusting the SOA
biascurrenpr oporti onal ly to t he &withtheviewtg manfin the a |
carrier densityat a constant value. In the preselmapter extended results are derived with respect
to our previous contributiongytiz-Cornejel17], [Ortiz-Corneje18] which considered a similar
setup.The ETFSOA system under dy in this chapter is explained 8ection5.2, depicted irFig.

5.1, corresponds to a GOFDM trarsmitterembedding an SOA as a power boastée baseband

multicarrier signal is generated according to a standardOEPM format and a companding
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Fig.6.1 Carrier density variation for one signal sample passing through the SOA active
region, for aconventional CGOFDM transmitter employinGOA as a booster
with constant bias current and for an envelope trackaggd transmitter

transformis then eventually applied so as to reduce the PpRd&hmatallahl3]. Nonlinear
companding aims at changing the amplitude statistics via a function (.) which has to be inverted at
the receivesside forrecovering the original signal plus noise. In tbimpter we consider again

the‘ -law schemg5-13), as inSection5.2In addition to this technique, a hattipping scheme

will also be considered for comparison purposes. Despite its simplicitthandduced irband

and outof-band distortios, it has been pointed out that this approach may lead to favorable
performance tradeofmiralizadeh15]. The obtained optical signal is finally boosted by an SOA
which operates undenvelope trackingegime and the performance is evaluated in a-batlack
configuration (the amplified signal is directly sent to the receiver). At the receiver side, no
frequency equalization is performed.this sectionthe simulation platfornmpresented irsection

1.6, is considered

6.2. Carrier Density Analysis Under Envelope Tracking
Regime

As mentioned in the previous sectiaasrier densitygoverns the SOAain In this section

the carrier density through SOA active region is investigated, and the benefits of envelope tracking

for carrier density depletion reduction is shownda optimal tuning of the Eflock (in the case
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