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Abstract: This paper addrsses OFDMorthogonal frequency division multiplexingansmission over optical
links with high spectral efficiency, i.e. by using highder QAMmodulation schemes as a mapping method
prior to the OFDM multicarrier representation. Here we address edipesnherent optical OFDM modem in
long distancevhich is affected byonlineardistortion caused by fiber nonlinearity. Fiber nonlinearitg ismiajor
performancdimiting factor in advanced optical communicatispstems. We proposed a nonlinear eledtrica
equalization scheme based on telterra model. To Comparewith other popularlinear compensation
techniquesuch as th&MS (least Mean Squargdmulation results are presented to demonstrate the capability
of a Volterra model based electrical equalizesed in a coherent optical orthogonal frequency division
multiplexing system. It is showthat theVolterra model based equalizer can significantly reduce nonlinear
distortion

Keywords: Equalizers, optical fiber communicatioarthogonal frequency divisn multiplexing (OFDM),
Volterramodel.

l. INTRODUCTION

Orthogonal frequency division multiplexing (OFDM) has been used in many telecommunication
applications because of its high spectral efficiency and simple hardware implementation. OFDM has also been
corsidered for optical systems as a candidate for future long range high data rate communication systems [1,2].
As described in [1], OFDM suffer of vergtrong fiber nonlinearities such amterchannelFour wave mixing
(FWM) and crosphase modulation KPM) and intrachannel selphase Modulation (SPM) [1]i [2]. For that
reason, prior knowledgabout transmissioraspects such as intrachannel and interchannel nonlinearities and
their dependence on link lengtland signals constellatiorOrder is mandtory for the systemto convey
information in a reliable way. This can baddressed by recurringo mathematical models capable of
analyzing and simulating accuratelyt he sy st e md sand gifereht@ontmtzutiocseof the most
relevant phgical impairments. On that regard, by usingvalterra series approach, one is abléo estimate
the signal to noise ratio (SNR) of the receivecbnstellation with respect todifferent nonlinearities effect.
Volterra serieshave gained a lobf attention from theoptical communicationcommunity over the past years
on researchtopics such as: modeling theptical fiber [3];post processing nonlineagqualizer oncoherent
systems|[4]i [5]; analysis of fiber nonlinearities[6]7[7]. In this section, we presenthe impact ofthe most
relevant fiber nonlineartiessuch as SPM, XPMand FWM on Coherent Optical OFDM systemusing
Volterra series.Thischapter addressestransmission aspects on Coherent Optical OFDM modem, and it
coversthe impacton t he sy st e mféthe mpsereldvant fibedNonknearities such as selphase
modulation (SPM) crossphase modulation (XPM)and fourwave mixing (FWM), and theirinterplay
between Transmission distan@ad modulation formatsing a Volterra seriedMethodallows estimating the
error vector magnitude (EVM) of the receiverbnstellationrelated to differenfiber nonlinearities. This EVM
reduction confirms that increasing the transmission distance andriher of the cm st el | at i on, t he
performancebecomes limitedby both interchannel FWM andPM. For a time and frequeneyarying channel
such as a SMF link, equalization is considered as aeféggtive solution, many equalization techniques were
adopted in thevireless and opticalommunication systems such as AE, and Volterra. Consequently the scope of
this chapter is to studye effect of AE using Wienddammerstein, Volterra, sparse volterra, MLSE equalizers
on bit errorrate versus transmission distancef@enance.

In this paper, the nonlinear effect of kegh order modulation10 Gbit/s CO-OFDM system is
investigated. Eectrical equalizerbased on the linear model, conventional Volterra model,L&f8 model are
designed and tested in simulatiofke rest of this paper is organized as followssecond sectiorsimulation set
up ofthe COOFDM system which isused in our study is describethjrd sectionthe simulation results and
discussions arpresented, and the fifth sectimeludes conclusion dhe work.
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1. COFDM SYSTEM DESCRIPTION
Figure 1 shows the conceptual diagram of a generi®dEOM system, including five basic functional
blocks: RF OFDM transmitter, R#e-optical (RTO) upconverter, optical link, opticab-RF (OTR) down
converter, and RF EDM receiver[5, 6,10, and1l]. In the RF OFDM transmitter, the input digital data are first

converted from serial to parNsCidfoeration symbol, each ¢f whicoroay 6 of b
comprie multiple bits for mary coding. This information symbol is mapped into a-timensional complex

signal Cki, for instance, using Gray coding, where Cki stands for the mapped complex information symbol. The
subscripts of Cki correspond to the sequencéhefsubcarriers and OFDM blocks. The time domain OFDM

signal is obtained through inverse discrete Fourier transform (IDFIQkif, and a guard interval is inserted to

avoid channel dispersidf,10] The resultant baseband time damsignal can be described:as

P
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Where Cki is the " information symbol at the kth subcarrief;( is the frequency of theé"ksubcarrier; is the

number of OFDM subcarriers Ts, ®G, and ts are the
observation period, respectively; aﬁh(t) is the rectangular pulse waveform of the OFDM symbol. The
extension oftie waveform in the time frame o&§ G, 0] in (1) represents the in

guard interval. The digital signal is then converted to an analog form through a DAC and filtered with a low
pass filter to remove the alias signal. The basd OFDM signal can be further converted to an RF pass band
through an RF 1Q. The subsequent RTGcopverter transforms the base band signal to the optical domain
using an optical IQ modulator comprising a pair of Mat&hnder modulators (MZMs) with a 9figree
phase offset. The baseband OFDM signal is directiganverted to the optical domaivhich isgivenin [7]

by:
E(t) — ei((WLol“'/ 1o1) ] %( D 4)

Where W, and/ o1 are the angular frequency and phase of ltéiser respectively The upconverted

signal E (t) traverses the optical medium with an impulse response of Br(t) the received optical signal
becomes:

E' (t) — ej((WLD1t+j LDl). % ( -D A}( ) (5)
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Fig. 1 Conceptual diagram for a generic €@FDM system with a direct up/down conversion architecture

Where A stands for convolution. The optical OFDM signal is then fed into the @W& converterwhere the
optical OFDM signal is converted to an RF OFDM signal. The directly duvmverted signal can be expressed
as:
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Where W, and Dj are the angular frequency offset and phase offset between the transmitted and receive

lasersrespectively F (f,) is the phase dispersion due to the fiber chromatic dispersiois. the OFDM

common phase error (CPE) due to the phase noises from lasers and REdilesbrs.The optical transmission

link is set up using a single channel @BDM system with& without equalizer compensation bging matlab
simulation for thetransmitter and receiver block®ur simulationset uptakes key optical communication
system/componeétparameters intaccount includindiber nonlineary, noise, dispersion, and PMiic

The data transmission bit rate is 10 Gbps. Orrtmesmitter side, a bit stream is generatsitig apseudo random

binary sequence generator, and the data is mapped-RAM encoder. The information stream is further parsed

into 64 low speed parallel data subcarriers and processed by the IFFT pro€ssic prefix is added to ensure

a correct data recovery.

The Mach Zehnder modulator is used to convert electrical signals to optical signals. The laser line width is set at
0.15MHz, with adjustable launch power. The frequency of the carrier wave & 483.1THz. The optical
channel consists ofatdard single mode fiber (SSM®)th attenuation= 0.2dB/km, dispersion £7 ps/nm/km

and nonlinearity coefficient=2.08v/km. Spanloss is balanced by a 4 dB noise figure optical amplifier in each
loop. Amdified spontaneous emission (ASE) noise is reduced by an optical filter at the receiver. The local
oscillator (LO) laser is assumed to be perfectly aligned with poweats2dBm and liewidth equals to 0.15

MHz. Photedetector noise, such as thermal, tshoise, dark current and ASE noise are included in the
simulation. The converted OFDM RF signal is demodulated using FFT processor and the guarding interval is
removed. The obtained signals are fed intb@AM decoder. Transmission bits are collected hinerror ratio

(BER) is calculated for the system at the end of the receiver.

As stated previously, IFFT parallel input data is typically data that has been modulated using QAM. One QAM
symbol is described by one complex number. This QAM data is imtadulated onto OFDM subcarriers by the

IFFT. At the receiver, thephase shifted versions of the original transmitted subcarriers are processed using the
FFT and the output is the transmitted QAM data with channel effects. The relative change iwhpbass

caused by dispersion manifests itself as a shift in phase of each QAM symbol. The channel frequency response
causes different subcarriers to have different channel gains and this affects the magnitudes of sSyenQ#M
Therefore, in order to retrievthe QAM data correctly, it is necessary to estimate these channel effects and
account for them bgqualizingthe data accordingly.

The solution to this particular problem is to use a Training Sequence (TS). This is a known sequence of complex
numbers thiis used as the input to the N dimensional IFFT and therefore results in one OFDM symbol. It is
common to transmit this sequence more than once throughout an entire OFDM signal. As the training sequence
constitutes one entire OFDM symbol, and therefonetains every subcarrier, information about the channel
effect on every subcarrier can be obtained by comparing the transmitted and received training sequences. This is
known as channel estimation. This can be described simply in mathematical termsiviearchgnnel response

H and known input X the output [i&Q]:

Y = H.X (12
Since in this case the input and the outmthare known, we can estimate the channel as:
H.=Y/X (13

Hes describes the effect of the channel on every OFDM subcarrier. To reverse the channel effect on all
subsequent datave simply invert the channel estimatiogstdnd apply the resulting equalizer to all subsequent
data. The practical implementation of thisDSP is also straightforward. Since both the transmitted and received
training sequences consist simply of a vedtfoN complex numbers, so too does the channel estimatignJtH
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follows that thisequalizervector can be seen as a bank oédializerswhich is used to reverse the channel
effects of each subsequent corresponding N QAM symbols, following receiver demodulation by.the FFT

Scatter plot

wwwwwwwww

Fig. 2 Constellationwithout equalization
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Fig. 3 Constellatiorafter equalization

. SIMULATION RESULTS

As its mentioned in [Rejpend], using Volterra theory we are able toestimate the errowector
magnitude of the received symbolsassociated withthe most relevant fiber nonlineagffects: self phase
modulation (SPM), crosghase modulation’XPM), and fourwave mixing EWM). That beingthe case, we
firstly transmitted thelO Gb/s throughSSMF employing third order Volterraeries transferfunction (VSTF)
method As in [4], the most nonlinearity effect for leingul coherent optical OFDM is FWM, we have studied
in this section after the determination of the mathematical model of each effect as developed-in [reis]
[giacoumidis], all nonlinearity effect with the VSTF model. The simulated received signal constellation diagram
after 2000 km fiber transmission, with dBm laser lanch power is shown in Figure 4 and Figur®&e to
fiber nonlinearities, the constellation .diagram has become scattered and has phase and amplitude distortions. As
shown in the constellation diagram, there is no doubt that nonlinear equaligpesform compensation on
nonlinearities and noise.

Figure 5 Output signal constellations of theQIAM CO-OFDM system with Volterra equalizer
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WO equalizer, L=2000 Km
O equalizer, L=3000 Km
alizer, L=4000 Km
ema equalizer, L=2000 Km
ema equalizer, L=3000 Km
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Figure 6 EVM VSTF with and without Volterra Equalizer

Figure 6shows the EVM of Coherent Optical OFDM with RLS and Volterra equalizers, equalization at
different power launch froml0 dbm to 6 dbm. It is not surprising that by increasing power launch the system
performance det®rated. The outperformance of nonlinear equalizers becomes more evident by comparison of
the systems with and without equalization, also these simulations confirm that increasing the transmission
distance, the system performarmmeomes limitedby both nterchannel FWM and XPNIhe simulated received
signal constellation diagram after 1400 km fiber transmission, with 0 dBm laser launch power isrskagvn
7, Fig. 8 and Fig. 9Due to SPM, ASE noise and photodetector noise, the constellation diagrdracohase
scattered and has phase and amplitude distortions. The linear kernels account for the attenuation and the
dispersion effect of fiber. The thiakder kernels can account for the interaction between ASE noise and signal
and nonlinear distortions [12Bince linear equalizer has no nonlinear terms, its capability of removing the
phase noise introduced by fiber nonlinearity is restricted. As shown in the constellation diagram, there is no
doubt that nonlinear equalizers outperform the linear equalizer.
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Figure 7Outputsignalconstellations of the 1AM CO-OFDM without equalizer,
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Figure 8 Outputsignalconstellations of the-OAM CO-OFDM system with linear equalizer

Figure 90utputsignalconstellations of the 2@ AM CO-OFDM system with Voltea equalizer
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